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DIFFUSIONAL AND KINETIC PHENOMENA ASSOCIATED WITH FOULING 
CONSIDERATIONS ON THE E F F E C T OF HYDRODYNAMIC 
AND THERMAL CONDITIONS 
I. INTRODUCTION 
Fouling is a phenomenon known since many yea r s in all fields 
of engineering dealing with flow of fluids. It is the deposition at the 
flow channel walls of ma t t e r originally present in the fluid. If heat is 
t r anspor ted through these wal ls , such a deposit r ep resen t s an additional 
t he rma l r e s i s t ance and hence it may reduce the economy of the p r o c e s s . 
In the design of heat t ransfe r equipment fouling usually is a c -
counted for by employing la rge safety factors and/or providing for 
simple means of sys tem cleaning. This procedure is fully justified in 
conventional industr ia l p rocesses since the costs of heat t ransfe r equip-
ment hardly ever appear to be a determining economic factor. In nuclear 
power generation sys tems the situation is entirely different. F i r s t in 
view of the high heat fluxes occurr ing , the the rmal performance of the 
fuel element is very sensit ive to the presence of a fouling layer . 
Second fouling may lead to local fuel element damage under conditions 
where the overal l , t he rmal performance of this element still is s a t i s -
factory. In the third place no simple means seem to exist for cleaning 
fuel element heating sur faces . In view of the above it is c lear that n e -
cessa r i ly m e a s u r e s have to be taken limiting fouling r a t e s to a level 
which is acceptable from the point of view of economic reac tor ope ra -
tion. Obviously this best can be done, if one disposes of a good under -
standing of the nature of the phenomena which give r i se to fouling. 
The fouling mechan i sms in nuclear r eac to r s can be expected 
to be direct ly associated with type of coolant and construction m a t e r i a l s . 
The fouling p roces se s dealt with in this repor t a r e related to organic 
cooled r e a c t o r s . These r eac to r s will be provided with a coolant c i r cu -
lating sys tem of normal s teel , whereas the coolant envisaged is a mix -
tu re of terphenyl i s o m e r s . In actual fact in the coolant also l imited 
amounts will be present of side products (high bo i l e r s , low boi lers and 
gases) which resu l t from radiolysis and pyrolysis in the r eac to r . Fur ther -
more the re will be t r a c e s of var ious inorganic impur i t ies which o r ig i -
nate from corros ion p rocesses in the coolant circulation sys tem and 
also part ly from the coolant fabrication process itself. 
Exper imenta l evidence obtained suggests that in organic coolants 
at_least_two basically different types of fouling may be distinguished 
l_ 1, 2 _ / . These fouling types will be r e fe r red to in this repor t as " m o -
lecular" fouling and "par t i c l e" fouling. "Molecular" fouling is thought 
to be due to rapidj diffus ion controlled, the rmal decomposition near the 
heating surface of soluble part ly inorganic compounds. " P a r t i c l e " fou-
ling is believed to be associa ted with the presence in the coolant of 
par t ic les (chiefly of inorganic nature) in the micron size range . 
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A l s o the l i m i t e d t h e r m a l and r a d i o l y t i c s t ab i l i t y of the o r g a n i c 
coolant compounds m a y to a c o n s i d e r a b l e ex tent be r e s p o n s i b l e for 
foul ing. At h igh t e m p e r a t u r e and u n d e r r a d i a t i o n , coolant d e c o m p o s i t i o n 
o c c u r s and at the s a m e t i m e h igh m o l e c u l a r weight p r o d u c t s a r e be ing 
f o r m e d . In s e v e r a l e x p e r i m e n t a l s t ud i e s it h a s b e e n o b s e r v e d tha t t he 
l a t t e r compounds have a d e t r i m e n t a l effect on fouling ¡_ 3 , 1 4 _ / . 
T h e o r e t i c a l s t u d i e s on fouling h i t h e r t o m a i n l y w e r e c o n c e r n e d 
with c h e m i c a l and p h y s i c o - c h e m i c a l a s p e c t s of t h i s p r o c e s s ¡_ 4 , 5 _ / . 
R e c e n t l y c h e m i c a l t e c h n i q u e s have been_developed which m a y l ead to 
s u b s t a n t i a l d e c r e a s e s in fouling r a t e s ¡_ 6 _ / . The b a s i c u n d e r s t a n d i n g 
of fouling h o w e v e r s t i l l l e a v e s m u c h to be d e s i r e d . No t h e o r y e x i s t s 
s o f a r , exp la in ing s a t i s f a c t o r i l y even in a qua l i t a t i ve m a n n e r , a l l expe-
r i m e n t a l da ta a v a i l a b l e . It i s thought tha t t h i s s i t ua t ion can be n o t i c e -
ab ly i m p r o v e d by giving m o r e a t t en t i on to the effect of h y d r o d y n a m i c 
and t h e r m a l condi t ions on diffusional and k ine t i c p h e n o m e n a involved 
in foul ing. The above c o n s i d e r a t i o n led to the t h e o r e t i c a l s tudy p r e -
s e n t e d in t h i s r e p o r t . 
The a p p r o a c h adopted h e r e o r i g i n a t e s f r o m a p r e v i o u s s tudy , 
which dea l t with diffusional p h e n o m e n a in t u r b u l e n t pipe flow [_ 7 _ / , 
The a t t e m p t h a s b e e n m a d e to s e p a r a t e a s far a s p o s s i b l e the effects 
on fouling due to p h y s i c o - c h e m i c a l f a c t o r s f r o m t h o s e r e l a t e d to the . 
h y d r o d y n a m i c and t h e r m a l c o n d i t i o n s . In o r d e r to speci fy t h e s e con-
d i t ions in m a t h e m a t i c a l t e r m s , in C h a p t e r 2, b a s i c r e l a t i o n s h i p s have 
been p r e s e n t e d p e r t a i n i n g to h y d r o d y n a m i c s and h e a t t r a n s f e r in tu rbu-
len t channe l flow. In s u b s e q u e n t C h a p t e r s fouling m e c h a n i s m s have 
been d i s c u s s e d and an a t t e m p t h a s been m a d e to d e r i v e fouling r a t e 
e x p r e s s i o n s for v a r i o u s i d e a l i z e d m e c h a n i s m s . 
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II. BACKGROUND INFORMATION ON HYDRODYNAMIC AND 
THERMAL CONDITIONS IN TURBULENT CHANNEL FLOW. 
2. 1. H y d r o d y n a m i c p a r a m e t e r s i n a u n i f o r m 
g e o m e t r y . 
The deposition of fouling products at the heating surface requ i res 
a t r anspor t of these products in the coolant normal ly to this surface; it 
further involves chemical decomposition p rocesses close to the heating 
surface. Both types of p rocesses a r e markedly influenced by hydrodyna-
mic conditions. It hence is c lear that a knowledge of these conditions is 
of great importance in a fundamental study on fouling. 
Fo r the present purpose the hydrodynamic conditions a r e suffi-
ciently well charac ter ized by the pa rame te r s enumerated below: 
- the bulk coolant velocity, 
- the velocity distr ibution in the region close to the wall, 
- the thickness of the "viscous layer" near the wall, 
- the average res idence t ime of a fluid element in the 
viscous l ayer . 
The express ions presented hereafter enable the above p a r a m e -
t e r s to be evaluated for conditions of turbulent flov/ in a uniform ' 
channel geometry provided with smooth wal ls . 
2. 1. 1. Bulk coolant velocity. 
The bulk coolant velocity is given by the expression: 
Q 
A 
where Q v is the volumetr ic flow ra te and A is the flow section. The 
velocity u^ together with channel diameter and kinematic viscosi ty of 
coolant determine the hydrodynamic conditions near the wall. 
Meant is a channel geometry charac ter ized by a uniform shear s t r e s s 
distribution (e . g. a c i rcu lar tube or an annular sli t) . 
2.1.2. Velocity distribution in the region close to the 
wall. 
Reliable velocity measurements in the region very close to the 
wall have been made by only a few investigators. The "average" velo­
city distribution, resulting from LÄUFER's measurements in an iso­
thermal turbulent flow ¡_ 8_/ , has been plotted in dimensionles s form 
in figure 1. 
Heat transfer from the wall to the coolant which leads to the 
existence of non­isothermal conditions near the wall will slightly dis­
tort this velocity distribution. The effect is however small enough to 
be ignored here. 
■+· +■ 
Dimensionless velocity u and wall distance y are defined by 
the expressions: 
u (2-2) 
(2-3) 
w h e r e : 
y = wal l d i s t a n c e , t a k e n in a d i r e c t i o n n o r m a l l y to the w a l l , 
ÎL . = the " a v e r a g e " v e l o c i t y a t wal l d i s t a n c e y , 
Z*rr = s h e a r s t r e s s at the wa l l , 
V - k i n e m a t i c v i s c o s i t y of coo lan t , 
ρ = coolant d e n s i t y . 
The s h e a r s t r e s s ZT w is given by: 
r w = 1/2 f ριξ (2­4) 
A 5 where in the range of Reynolds number 10­10 the friction factor f can 
be evaluated employing the Blasius expression: 
0.079 R e " 1 / 4 (2­5) 
In t e r m s of eqns (2­4) and (2­5) the express ions (2­2) and(2­3) 
can be r ewr i t t en a s : 
i ­ = 0. 2 u* R e " 1 / 8 
u b 
. u " R e " 1 / 8 (2­6) 
d eq 
+ ­ 7 / 8 5 y + R e (2­7) 
* ) 
where d is the equivalent hydraul ic d i ame te r of the channel . 
Eqns (2­6) and (2­7) together with the dimensionles s velocity 
d is t r ibut ion in fig. 1 enable the veloci ty dis t r ibut ion near the wall to 
be calculated for any Reynolds number lying between 10^ and 10 . An 
i l lus t ra t ive calculation has been c a r r i e d out for geomet r ica l and hydro­
dynamic conditions lying in the range envisaged for ORGEL, i. e. : 
Re = 70.000 
d = 4 . 5 m m 
eq 
u, = ö m / s e c 6 m / i 
The r e su l t is p resen ted in figure 2, 
2 . 1 . 3 . The th ickness of the "viscous l a y e r " near the 
wall . 
The existence of a " l amina r sub layer" adjacent to the wall has 
been in the pas t a bas ic assumpt ion underlying many theor i e s on t u rbu ­
lent channel flow ¡_ 9, 10, 1 1 _ / . T h e r e is definite exper imenta l evidence 
however , that at wall d i s tances far sma l l e r than the th ickness of the 
" l aminar sub layer" s t i l l impor tant velocity fluctuations occur ¡_ 8, 12, 13 J . 
* ) 
Is defined by the ra t io of 4 χ flow section to wetted p e r i m e t e r . 
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In a p r e v i o u s s tudy [_ 7__/ a m o d e l h a s b e e n d i s c u s s e d d e s c r i b i n g 
the h y d r o d y n a m i c b e h a v i o u r of the fluid c l o s e to t h e w a l l . A c c o r d i n g to 
t h i s m o d e l a t t h e w a l l e l e m e n t a r y v i s c o u s b o u n d a r y l a y e r s g r o w by v i s -
cous m o m e n t u m diffusion t i l l a c e r t a i n c r i t i c a l t h i c k n e s s ; s u b s e q u e n t l y 
t h e y then d e s i n t é g r a t e a g a i n due to h y d r o d y n a m i c i n s t a b i l i t y . The l a t t e r 
p r o c e s s i s a c c o m p a n i e d by m i x i n g wi th fluid d i s t a n t f r o m the w a l l . 
The def in i t ion of the o v e r a g e t h i c k n e s s of t h e e l e m e n t a r y v i s c o u s 
b o u n d a r y l a y e r s i s a r b i t r a r y s i n c e : 
- in b o u n d a r y l a y e r s the v e l o c i t y v a r i e s a s y m p t o t i c a l l y 
wi th wa l l d i s t a n c e , 
- for t h e cond i t i ons c o n s i d e r e d h e r e , t he in f luence of 
i r r e g u l a r t u r b u l e n t m o t i o n on m o m e n t u m t r a n s p o r t 
b e c o m e s i n c r e a s i n g l y i m p o r t a n t wi th wa l l d i s t a n c e . 
The e x p e r i m e n t a l e v i d e n c e a v a i l a b l e shows t h a t for v a l u e s of the 
d i m e n s i o n l e s s wa l l d i s t a n c e y s m a l l e r t h a n 10, t h e flow p h e n o m e n a a r e 
in f luenced only to a m i n o r ex ten t by the t u r b u l e n c e of the m a i n flow. T h e 
v a l u e of t h e d i m e n s i o n l e s s v e l o c i t y c o r r e s p o n d i n g to t h e above va lue of 
y i s a c c o r d i n g to f i g u r e 1 a p p r o x i m a t e l y 8 . 4 . 
T h e l a y e r t h i c k n e s s y^o c o r r e s p o n d i n g to y = 10 can be c a l c u -
l a t e d u t i l i z i n g t h e eqn ( 2 - 7 ) . F o r the g e o m e t r i c a l and h y d r o d y n a m i c 
c o n d i t i o n s s p e c i f i e d on page 8 one t h e n f inds 
- 2 
y . „ = 1. 3 10 m m 
2 . 1 . 4 . T h e a v e r a g e r e s i d e n c e t i m e of a fluid e l e m e n t 
in t h e " v i s c o u s l a y e r " . 
The k n o w l e d g e of r e s i d e n c e t i m e s of fluid e l e m e n t s in t h e v i s c o u s 
r e g i o n c l o s e to the w a l l can i m p r o v e the u n d e r s t a n d i n g of c h e m i c a l d e -
c o m p o s i t i o n p h e n o m e n a t h e r e . 
A c c o r d i n g to ref . [_ Ί_] one f inds for the a x i a l d i s t a n c e ^ χ o v e r 
which e l e m e n t a r y v i s c o u s b o u n d a r y l a y e r s g r o w p r i o r to t u r b u l e n t b r e a k ­
down: 
Δ χ ^ , - 0 . 5 -1 
1400 (1 /2 f) Re (2-8) "o 
d" e q 
l'I 
Since breakdown of the e lementary viscous boundary layer leads 
to mixing with neighbouring fluid, the average res idence t ime of a fluid 
element in the viscous layer at a dis tance y from the wall will be 
4 x „ 
u 
F o r the geomet r ica l and hydrodynamic conditions specified on 
page 8 , r es idence t ime calculat ions have been m a d e . The r e su l t s a r e 
presented in table I. 
TABLE 2-1 
Residence t ime of fluid e lements in the viscous boundary l a y e r . 
(Re = 7 0 000, d = 4 . 5 m m , ufe = 6 m / s e c ) . 
d imensionless 
wall dis tance 
y 
0 
0 . 5 
0.75 
1 
2 
3 
5 
10 
15 
dimensionless 
velocity 
u 
0 
0 . 5 
0.75 
1 
2 
3 
4 . 9 
8 .4 
10.5 
wall 
dis tance 
y 
0 
0.65 
1 
1.3 
2 . 6 
3 . 9 
6 . 5 
13 
19.4 
velocity at 
wall dis tance 
y 
u 
y 
Cem/s e c) 
0 
15 
22 
30 
60 
89 
146 
250 
312 
res idence 
t ime of fluid 
element in 
boundary layer 
(mil l i sec) 
czs>*z> 
1.2 
8 . 2 
6 
3 
2 
1.2 
0 . 7 
0 . 6 
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2. 2. T h e r m a l p a r a m e t e r s i n a u n i f o r m 
g e o m e t r y . 
Since fouling involves phenomena of t h e r m a l coolant decompo­
sition a bas ic understanding of this p r o c e s s a lso r equ i r e s a knowledge 
of the t h e r m a l conditions in the coolant. F o r the p resen t purpose these 
t h e r m a l conditions a r e sufficiently well cha rac t e r i zed by the following 
p a r a m e t e r s : 
- the bulk coolant t e m p e r a t u r e , 
- the heat ing surface t e m p e r a t u r e , 
- the t e m p e r a t u r e profile in the region close to the wall , 
- the th ickness of the t h e r m a l boundary l aye r . 
Numer ica l evaluation of the above p a r a m e t e r s , for conditions of 
turbulent flov/ through a uniform heating channel, can be c a r r i e d out 
with the aid of the express ions presen ted he ra f t e r . 
2 . 2 . 1 . The bulk coolant t e m p e r a t u r e . 
The bulk coolant t e m p e r a t u r e of a fluid flowing through a c i r c u ­
l a r tube, uniformly heated around the pe r iphery , is defined by the equa­
tion: 
-R 
u T r r dr 
Τ Ξ (2-9) 
b "R j 
u r d r 
The frequent use of this kind of average coolant t e m p e r a t u r e is due to 
the fact that at any axial position χ in the channel it can easi ly be eva­
luated from inlet coolant t e m p e r a t u r e and heat input util izing the r e l a ­
tion: 
Qx = ( T b . x - T b . i n ) C p / 5 "b A i 2 " 1 0 ) 
where Q = heat taken up by coolant at axial position x, 
Ti = bulk coolant t e m p e r a t u r e at axial position x, 
T, . = inlet bulk coolant t e m p e r a t u r e , 
c = specific heat of coolant, 
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¡a - coo lan t d e n s i t y . 
F o r o r g a n i c c o o l a n t s u n d e r cond i t i ons of t u r b u l e n t flow t h e m a i n 
r e s i s t a n c e to h e a t t r a n s f e r i s l o c a l i z e d n e a r t h e h e a t i n g s u r f a c e ( s e e 
2. 2. 3 . ) . H e n c e o v e r t h e g r e a t e s t p a r t of t h e flow s e c t i o n t h e coo lan t 
t e m p e r a t u r e wi l l v a r y l i t t l e and l i e c l o s e to t h e bulk t e m p e r a t u r e . 
2„ 2 . 2 . The h e a t i n g s u r f a c e t e m p e r a t u r e . 
The h e a t i n g s u r f a c e t e m p e r a t u r e can b e e v a l u a t e d for a g iven 
l o c a l h e a t flux and bu lk coo lan t t e m p e r a t u r e f r o m t h e r e l a t i o n : 
^ x ) 
τ ( χ ) = J L L + TboX (2­11) * < x ) 
w h e r e 
i s t h e h 
Φ % i s t h e h e a t flux a t an a x i a l p o s i t i o n χ in the c h a n n e l a n d 0 ^ \ 
l e a t t r a n s f e r coef f ic ien t at t h a t l o c a t i o n . 
F o r a coo lan t hav ing a P r a n d t l n u m b e r ly ing b e t w e e n 2 and 10 
for flow cond i t i ons c h a r a c t e r i z e d by 10 <^Re <^.10 , the h e a t t r a n s f e r 
coef f ic ien t i s p r e d i c t e d by t h e d i m e n s i o n l e s s c o r r e l a t i o n 
0 . 8 2 0 . 4 
Nu = 0 . 0 1 9 7 Re P r (2 ­12 ) 
T h e above e q u a t i o n s i s a_s impl i f i ed f o r m of a t h e o r e t i c a l r e l a t i o n s h i p 
p r e s e n t e d in r e f e r e n c e ¡_ 7 _ / . T h e h e a t t r a n s f e r coe f f i c i en t s p r e d i c t e d 
by it e x c e e d s l i gh t ly t h o s e g iven by t h e c o n v e n t i o n a l D i t t u s ­ B o e l t e r r e ­
l a t i o n . 
F o r an i l l u s t r a t i v e c a l c u l a t i o n a coo lan t i s c o n s i d e r e d h a v i n g t h e 
fol lowing p h y s i c a l p r o p e r t i e s ' : 
s pec i f i c h e a t Cp = 2350 J / k g C 
t h e r m a l conduc t iv i t y A = 0. 114 W / m C 
k i n e m a t i c v i s c o s i t y V ~ 3 . 9 10 m / s e c 
» ) 
T h e s e a r e t h e a p p r o x i m a t e p h y s i c a l p r o p e r t i e s at 350°C of a t e r p h e ­
nyl m i x t u r e , m a n u f a c t u r e d by P R O G I L ( F r a n c e ) u n d e r t h e n a m e O M 2 , 
to wh ich 15 % r a d i o l y t i c h igh b o i l e r s h a v e b e e n a d d e d . 
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density O = 860 kg/m 
Ρrandtl number Pr = 6.9 
For the geometrical and hydrodynamic conditions specified on 
page 8 , one then finds, employing eqn(2­12), a heat transfer coeffi­
cientof 104 W/m2 °C. For a heat flux of 1000 kW/m2, then the diffe­
rence between heating surface temperature and bulk coolant tempera­
ture is 100 oC. The heating surface temperature thus found for a bulk 
coolant temperature of 350 °C is 450 °C. 
2. 2. 3. The temperature profile in the region close to 
the wall. 
According to ref ¡_ 1 _J the ratio between temperature drop in 
the viscous region and the difference between heating surface tempera­
ture and bulk coolant temperature, is given by 
T ­ T u (1/2 f) 
w o o v ' 
Τ Τ 
w ■ b" u+o (Í/2 f)°~5H."(l"- u^(l/_2 f)0' f p r - ^ 3 (2­13) 
w h e r e T i s t h e t e m p e r a t u r e a t t h e edge of t h e v i s c o u s r e g i o n and 
w h e r e t h e d i m e n s i o n l e s s v e l o c i t y u 0 = 1 4 . 7 . 
F o r a R e y n o l d s n u m b e r of 70 000 and a P r a n d t i n u m b e r of 6 . 9 , 
the a b o v e r a t i o b e c o m e s 0 . 9 1 . 
E m p l o y i n g a m e t h o d s i m i l a r t o t h a t ou t l i ned in r e f ¡_ 7 _ / f o r t h e 
e v a l u a t i o n of a t h e o r e t i c a l v e l o c i t y p r o f i l e n e a r t h e w a l l one can d e r i v e 
t h e fol lowing e x p r e s s i o n for the t e m p e r a t u r e d i s t r i b u t i o n c l o s e t o t h e 
h e a t i n g s u r f a c e : 
T w ­ T y 4­ 1/3 +2 2 / 3 '__ = 0. 068 y P r ­ 0. 00157 y P r +■ χ ­ T w o +3 
­r­ 0 . 0 0 0 0 1 2 3 y · P r (2­14) 
The above e x p r e s s i o n i s va l i d for f luids wi th a P r a n d t i n u m b e r l a r g e r 
t han 1. It h a s no p h y s i c a l s i g n i f i c a n c e for v a l u e s of t h e d i m e n s i o n l e s s 
v a r i a b l e y l a r g e r t h a n 55 . 
E m p l o y i n g eqns (2­13) and (2­14) the t e m p e r a t u r e d i s t r i b u t i o n 
h a s b e e n e v a l u a t e d for the c o n d i t i o n s g iven on p a g e s 12 and 1 3 . The 
r e s u l t i s g r a p h i c a l l y r e p r e s e n t e d in f ig. 3 . 
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ΠΙ . " M O L E C U L A R " F O U L I N G . 
3 . 1. I n t r o d u c t o r y r e m a r k s . 
* ) 
In t h e f o r c e d convec t i on foul ing e x p e r i m e n t s c a r r i e d out by 
A . E . C . L . in C a n a d a i t h a s b e e n found t h a t t h e fouling d e p o s i t s p r i n c i ­
pa l ly c o n s i s t of c r y s t a l l i n e i n o r g a n i c m a t e r i a l ( m a i n l y i r o n compounds ) 
¡_ 1, 2_y. F u r t h e r m o r e in m a n y of t h e s e e x p e r i m e n t s the fol lowing o b ­
s e r v a t i o n s w e r e m a d e : 
­ The foul ing l a y e r s con ta ined m o r e i n o r g a n i c m a t e r i a l 
t h a n w a s i n i t i a l l y p r e s e n t in t h e coo lan t . 
­ The r a t e of fouling i n c r e a s e d wi th coo lan t v e l o c i t y . 
In v i e w of the above e x p e r i m e n t a l e v i d e n c e , it w a s conc luded 
t h a t in t h e cold p a r t s of the c i r c u l a t i n g s y s t e m i r o n d i s s o l v e s in to t h e ι αΛ 
coo lan t , e . g. t h r o u g h f o r m a t i o n of so lub l e o r g a n i c c o m p l e x c o m p o u n d s . 
It w a s r e a s o n e d t h a t s u c h c o m p o u n d s d e c o m p o s e c l o s e l y to the h e a t i n g 
s u r f a c e due to t h e r m a l i n s t a b i l i t y and s u b s e q u e n t l y d e p o s i t at t h e s u r ­
f a c e . _ E x p e r i m e n t a l e v i d e n c e o b t a i n e d by P h i l l i p s P e t r o l e u m C o m p a n y 
¡_ 14_y i s in s u p p o r t of t h e s u g g e s t i o n tha t i n o r g a n i c m a t e r i a l s l ike i r o n 
a r e to s o m e ex t en t " s o l u b l e " in t h e coo l an t . 
It would be of g r e a t i n t e r e s t to e x a m i n e w h e t h e r t h e " m o l e c u l a r " 
fouling m e c h a n i s m p r o p o s e d i s i n d e e d c o n s i s t e n t with the e x p e r i m e n t a l 
e v i d e n c e ob t a ined by A . E . C . L . It i s t he m a i n ob j ec t ive of t h e p r e s e n t 
c o n s i d e r a t i o n s to do t h i s . The n e x t s e c t i o n i s devo t ed to e n t i r e l y t h e o ­
r e t i c a l c o n s i d e r a t i o n s on m a s s t r a n s f e r p h e n o m e n a wi th s i m u l t a n e o u s 
c h e m i c a l r e a c t i o n at t he w a l l . In a s u b s e q u e n t s e c t i o n the t h e o r e t i c a l 
r e l a t i o n s h i p s d e r i v e d a r e e m p l o y e d for t h e e v a l u a t i o n of " m o l e c u l a r " 
fouling r a t e s . The l a t t e r t h e n a r e c o m p a r e d with t h o s e e x p e r i m e n t a l l y 
found by A . E . C. L . 
_ 
The e x p e r i m e n t s r e f e r r e d to h e r e h a v e b e e n p e r f o r m e d in c i r c u i t s 
of n o r m a l s t e e l and t h e coo lan t e m p l o y e d w a s a pu r i f i ed m i x t u r e of 
t e r p h e n y l i s o m e r s and O M R E h igh b o i l e r s , con ta in ing l e s s t h e n 
5 p p m i r o n and l e s s t h a n 8 p p m a s h . 
seï­ The c h e m i c a l n a t u r e of t h e s e c o m p o u n d s h a s not ye t b e e n e s t a b l i s h e d . 
It s e e m s h o w e v e r c e r t a i n t ha t t h e so lub i l i t y effect i s c l o s e l y a s s o c i a ­
t ed wi th the p r e s e n c e of s m a l l a m o u n t s of c h l o r i n e in the coo lan t . 
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3. 2. M a s s t r a n s f e r a c c o m p a n i e d by c h e m i c a l 
r e a c t i o n i n t h e t h e r m a l b o u n d a r y l a y e r . 
3. 2. 1. Transfe r mechanisms. 
Relatively l i t t le fundamental knowledge exis ts on m a s s t r ans fe r 
in turbulent flow, a r i s ing due to a chemical reac t ion nea r the channel 
wall . In a recent theore t i ca l study an analys is was given of m a s s t r ans -
fer phenomena in the absence of a chemical reac t ion J_ 7_/. The bas ic 
concepts underlying this analysis a r e : 
- Turbulent flow of a fluid past a smooth wall involves the 
continuous formation and breakdown of e lemantary viscous 
boundary l aye r s adjacent to the wall3*"'. 
- Transfe r of momentum, heat and m a s s in a growing e l emen-
t a ry boundary layer takes place by molecu la r diffusion p r o -
c e s s e s for which mathemat ica l descr ip t ions a r e avai lable . 
see) 
- The average axial length and th ickness of an e lementary 
boundary layer a r e cha rac te r i zed by d imens ionless p a r a -
m e t e r s which can be de termined in a s t ra ight forward manner 
from exper imenta l hydrodynamic data. 
The above concepts proved to be consis tent with a var ie ty of 
phenomena observed in exper iments which were re la ted to fluid flow, 
hea t - and m a s s t r ans f e r . F u r t h e r m o r e the analys is led, for conditions 
where the main r e s i s t ance to t r ans fe r is s i tuated near the wall , to 
t r ans fe r re la t ionships which a r e in good ag reemen t with data e x p e r i -
mental ly obtained. 
The e lementary viscous boundary l aye r s a r e not attached to the 
wall but the i r position may be assumed to change rapidly and in a s t a -
s t i s t i ca l manne r . In this connection it ought to be emphasized that a l -
thought t r ans fe r r a t e s a r e steady, for steady mac roscop ic conditions, 
the actual mechan i sm closely to the wall is essent ia l ly one involving 
impor tant t i m e - and space var ia t ions of the "concentra t ion" of the 
t r ans fe rab le quantity iaaz I. In the case of heat t r ans fe r , heat i s diffu-
sing into the growing viscous boundary layer and the t e m p e r a t u r e p r o -
This model was a l ready employed in Chapter 2 to evaluate res idence 
t imes of fluid e lements in the region close to the wall . 
3Ö6-) 
The average axial length of an e lementary viscous boundary layer is 
given by eqn (2-8) . 
xxx) 
These types of var ia t ions have been experimental ly d e m o n s t r a t e d . / ! 5/ t 
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file near the wall va r i e s considerably with axial position in the bounda­
ry l ayer . In the case of m a s s t r ans fe r the same is t rue for concent ra ­
tion prof i les . 
The analysis r e f e r r ed to above can be extended to conditions 
where m a s s t rans fe r is accompanied by a chemical reac t ion . The r e ­
action considered h e r e r e su l t s from the rmal instabili ty of a reactant 
present in the fluid and it takes place in the high t empe ra tu r e region 
close to the heating sur face . 
3 . 2 . 2 . Formula t ion and mathemat ica l descr ip t ion of the 
problem. 
The idealized p rocess for which a physical and mathemat ica l 
descr ip t ion is being sought can be summar ized as follows: 
- The fluid contains a cer ta in amount of solute A which above 
a given "c r i t i c a l " t e m p e r a t u r e T_, becomes unstable and 
decomposes ' into an insoluble compound B. The react ion is 
assumed to be i r r e v e r s i b l e , i so the rma l and of the f i rs t o r d e r . 
- The fluid pas ses in turbulent flow a heating channel with the 
heating surface at a t e m p e r a t u r e T w which exceeds the "c r i t i ­
ca l" t e m p e r a t u r e T c . 
- The react ion product Β c rys ta l l i zes at the heating surface 
without forming par t i c les in the solut ion** ' . 
- The physical p r o c e s s , involving change of phase at the c rys ta l 
interface is very rapid compared with the diffusion r a t e of 
react ion product towards the heating sur face . 
F o r the descr ip t ion of this p roces s the viscous boundary layer 
growth model is employed. In the growing e lementary viscous boundary 
layer the solute A is removed by react ion at wall d is tances where the 
_ 
F o r the mathemat ica l descr ip t ion it is i r r e l evan t whether this occurs 
by a rapid i r r e v e r s i b l e chemical react ion or by just exceeding the 
solubility l imit of reac tan t A. 
This is a known and frequently occurr ing phenomenon in c rys t a l l i za ­
tion p r o c e s s e s . It a r i s e s from the facts that the solubility can be ex­
ceeded and that under cer ta in c i r cums tances c rys ta l growth takes 
place preferent ia l ly to spontaneous nucleation and formation of p a r ­
t i c l e s . 
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t empe ra tu r e exceeds the value T c . Suppletion of A to the react ion zone 
occurs by diffusion from the main body of the fluid. The react ion p r o ­
duct Β diffuses away from the react ion zone into the main flow as well 
as to the heating surface where it depos i t s . The above p r o c e s s , i l lu­
s t ra ted by schemat ic t e m p e r a t u r e and concentrat ion profiles in fig. 4 „ 
is desc r ibed by the following set of differential equations: 
(velocity \ ι ­,2 
distribution) u — ­f ν 4 ­ » = y ­ ¿ ­ i L (3­1) 
à x à y ¿> y 2 
(continuity) ¿ S . ­f­ Aï- = 0 (3 ­ l a ) 
( t , eT ewU rt ^ a. ^ ^2 T 
distribution) u ­r— ­|­ ν ~r— = a —r—­— (3­2) 
( concentrat ion 
dis t r ibut ion ¿ M ¿¿-y ¿2 ¿g » ) 
of reactant) u ­ ^ ~ ¿ + ν ~±-± = D ^ ­ ­ ^ ­ k ^ ¿A/ (3­3) 
( concentrat ion 
dis t r ibut ion of 
reac t ion p r o d u c t ) ¿ / ¿ J ¿rj ¿ΖΓΒ7 r ■>*' , > 
u / r + v ­ J" " DB5T~­ + k ' . t M (3­4) 
The boundary conditions imposed a r e : 
x = o, y > o; u = u o , Τ = T o , ¿A/ = [A]'Q 
y = 0, x S 0; u = ν = ο , Τ = Τ , /Ã7 = o, / B 7 = o 
y = oo, χ > o; u = u o , Τ = T o , / V = A / 0 > 
ZB7 = O . 
If the t e m p e r a t u r e dependence of the react ion ra te constant k ^ 
and the physical p roper t ies y , a, D . and D R is known, theore t ica l ly 
all r equ i rement s for the solution of the above sys tem of differential 
_ 
It is convenient to express the concentrat ions ¿A/ and ¿By in mola r 
units ( kmol /m ) . 
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equations a r e fulfilled. The mathemat ica l p rocedure to be employed 
however is ex t remely complex. The problem therefore has been s i m ­
plified by making the following additional assumpt ions : 
­ All physical p roper t i e s a r e independent of t e m p e r a t u r e . 
­ The react ion is instantaneous at t e m p e r a t u r e s exceed-
ing T c . 
In view of the l a t t e r assumption the reac t ion is taking place in 
a plane along the wall instead of in a zone and the eqns (3­3) and (3­4) 
a r e to be replaced by: 
u 
à M àM ¿2A7 
+ ν = D — τ — 5 ­ (3­5) 
à χ à y A & y 2 
u ¿M + v ψ . oB ¿Æ. (3.6) 
à* ¿Y B ¿y2 
The above equations govern the t r anspo r t of reac tant and r e a c ­
tion product towards and away from the react ion plane respec t ive ly . 
An additional boundary condition becomes : 
y ­ y χ > 0, Τ = Τ , [Α] = 0 and 
is. ^ 
η ¿Μ ­ D *>f*Ã D ¿Ægg ^ DA τ τ ' Β ^7 " Β™77~ 
The new situation is schematical ly r ep resen ted in fig. 5. 
The react ion of solute A involves an interact ion with the t e m p e ­
r a t u r e field. Since the react ion was assumed to be i so thermal it does 
not influence the t e m p e r a t u r e distr ibution in the boundary l aye r . Hence 
the la t te r can be obtained,independently of the react ion occurr ing,by 
solving eqns (3­1) and (3­2) . An exact solution for this par t of the p r o ­
blem has been presented by POHLHAUSEN [_ 16_/. An approximate , 
1 r- -j 
The t e r m Dg —~__=¿1 r e f e r s to diffusion towards the wall and th< 
­ D re fe r s to diffusion towards the ma in ­ s t r eam. 
B à y 
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but m u c h m o r e s i m p l e m e t h o d w a s o r i g i n a t e d by VON KARMAN [_ 17_ / 
and d e s c r i b e d in d e t a i l by E C K E R T j_ 1 8 _ / . In t h i s m e t h o d t h e b o u n d a r y 
l a y e r t e m p e r a t u r e d i s t r i b u t i o n i s a p p r o x i m a t e d by a p o l y n o m i a l of four 
funct ions wh ich a r e d e t e r m i n e d by so lv ing t h e h e a t flow e q u a t i o n of t h e 
b o u n d a r y l a y e r . The r e s u l t t h u s ob t a ined we l l a g r e e s wi th t h e e x a c t 
so lu t ion in ref . [_ 1 6 _ / . The p r o b l e m of m a s s diffusion ( e q n s 3 ­5 and 
3­6) a l s o can be so lved in two d i f fe ren t m a n n e r s . An exac t so lu t ion c a n 
be o b t a i n e d , e m p l o y i n g a m e t h o d v e r y s i m i l a r to t ha t i n d i c a t e d by 
F R I E D L A N D E R and L I T T ¿_ 19_ / ._ A n _ a p p r o x i m a t i v e p r o c e d u r e , s i m i ­
l a r to t h a t ou t l ined by P O T T E R [_ 2 0 _ / , w a s p r e f e r r e d h e r e s i n c e it 
l e a d s in a s t r a i g h t f o r w a r d m a n n e r to r e l a t i v e l y s i m p l e t r a n s f e r r e l a ­
t i o n s h i p s . R e l e v a n t c a l c u l a t i o n s h a v e b e e n p r e s e n t e d in Annex I . The 
r e s u l t s o b t a i n e d can be s u m m a r i z e d a s fo l lows : 
1) If D ^ = D „ , t h e a v e r a g e d e p o s i t i o n r a t e of r e a c t i o n p r o ­
duct B a t t he wa l l d u r i n g the g r o w t h of an e l e m e n t a r y 
v i s c o u s b o u n d a r y l a y e r i s i n d e p e n d e n t of the v a l u e of T c , 
p r o v i d e d the l a t t e r i s l a r g e r t h a n T . It i s g iven by: 
2 / 3 ­1 /6 u 1/2 
q _ = 0 . 6 6 4 Μ η / Α 7 DA y ( ­ ­ ° ­ ) (3­7) H m Β L -1 o A ^ x 0 ' x ' 
w h e r e M R i s t h e m o l e c u l a r we igh t of B . Β 
2) If T w = Τ , the a v e r a g e d e p o s i t i o n r a t e of Β at t he wa l l 
d u r i n g the g r o w t h of an e l e m e n t a r y v i s c o u s b o u n d a r y l a y e r 
i s i ndependen t of t h e v a l u e of D.­. and a l s o g iven by eqn 
( 3 ­ 7 ) . 
3) F o r cond i t ions w h e r e D . ^=J=- D ß and T w ^> T c , t h e a v e ­
r a g e d e p o s i t i o n r a t e of Β at t he w a l l d u r i n g t h e g r o w t h of 
an e l e m e n t a r y v i s c o u s b o u n d a r y l a y e r i s 
2 / 3 ­1 /6 u 1/2 
q m = 0 . 6 6 4 M B / B 7 o # f D B V (s­ÍL) (3­8) 
w h e r e ¿By i s g iven by t h e a p p r o x i m a t e e x p r e s s i o n 
( a ­ 2 7 ) . ° ' f 
4) The a v e r a g e c o n v e r s i o n r a t e of s o l u t e A i s : (3 ­9) 
, 2 / 3 ­1 /6 u 1/2 
V = 0-664MA(A7oH-A/W)f) DA ν (-Α3ξ-) 
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w h e r e / Ã / 0 "Ί" thJ f I s g i v e n by t h e a p p r o x i m a t e e x p r e s s i o n ( a - 2 3 ) . 
T h e e q u a t i o n s ( 3 - 7 ) , (3 -8 ) and (3 -9 ) ho ld for t r a n s f e r in g r o w i n g 
b o u n d a r y l a y e r s . The v a l u e s of t h e d i f fus iv i t i e s D A and D g a r e so smagli» 
t h a t t h e whole r e s i s t a n c e a g a i n s t t r a n s f e r i s s i t u a t e d in t h e b o u n d a r y 
l a y e r . H e n c e t h e a b o v e e q u a t i o n s c a n b e t r a n s f o r m e d in to r e l a t i o n s h i p s 
ho ld ing for t u r b u l e n t flow by s u b s t i t u t i o n of t h e p a r a m e t e r s u a n d A x . 
The v e l o c i t y u can b e e x p r e s ä e d in t e r m s of a d i m e n s i o n l e s s v e l o c i t y 
u ( s e e eqn 2 ­2 ) : o 
u = u 
o o 
Γ 0 . 5 ^­ 0 . 5 
( - ƒ · ) = u o ( 1 /2 f) . ^ (3 -10) 
w h e r e a c c o r d i n g to rei/_ 7_] u = 1 4 . 7 . The p a r a m e t e r Δ χ i s g iven 
by eqn ( 2 - 8 ) . E q n s ( 3 - 7 ) , ( 3 -8 ) and (3 -9 ) now b e c o m e r e s p e c t i v e l y 
D A 0 . 8 7 5 1/3 
o ^ = 0 . 0 1 3 6 Μ Β · / Α / · Re Sc ( 3 - l l ) 
d e q 
D 0 . 8 7 5 1/3 
q ^ = 0 . 0 1 3 6 M B * / B / 0 # f ~ Re Sc (3 -12) 
a e q 
ft 0 . 8 7 5 1/3 
qm = 0.0136MA(2A7o^A7wJ-fRe Sc 
In t h e s e e q u a t i o n s t h e Schmid t n u m b e r Sc r e p r e s e n t s t h e r a t i o of k i n e ­
m a t i c v i s c o s i t y y and d i f fus iv i ty D . 
T h e a b o v e t h e o r e t i c a l e x p r e s s i o n s g ive r i s e to t h e fol lowing 
r e m a r k s : 
- E q u a t i o n (3 -11) i s i d e n t i c a l to t h e equa t i on for e n t i r e l y diffu­
s i on c o n t r o l l e d m a s s t r a n s f e r p r e s e n t e d in r e f ¿_ 7_y. 
- A c c o r d i n g to e x p r e s s i o n s (3 -11) and (3 -12) t h e r a t e of m o l e -
c u l a r foul ing i n c r e a s e s wi th coo lan t v e l o c i t y , in l ine wi th t h e 
C a n a d i a n o b s e r v a t i o n s ¿_ 1 , 2 _ / . 
- The e x p r e s s i o n s ( 3 - 1 1 ) , (3 -12) and 0-13) h a v e b e e n d e r i v e d 
for t h e a s s u m p t i o n of an in f in i te ly f a s t r e a c t i o n . In a c t u a l fact 
t h e r e a c t i o n r a t e c o n s t a n t h a s a f in i te v a l u e . D i m e n s i o n a l 
c o n s i d e r a t i o n s show t h a t t h e t r a n s f e r r a t e s wi l l l i e c l o s e r t o 
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the predict ions of the above equations the g r e a t e r the value of 
k Δ x -x-) r o 
d imens ionless group . In t e r m s of turbulent flow u o k r p a r a m e t e r s this group can also be wri t ten a s : s— . 
High values of the reac t ion product concentrat ion /Β/τ? ^n ^Cie 
reac t ion zone a r e l ikely to entail the formation of colloidal 
p a r t i c l e s . Since the diffusivity assoc ia ted with such pa r t i c l e s 
is significantly sma l l e r than that of the molecu la r compounds,. 
the occu r r ence of this p roces s will, at l eas t in a f i rs t s tage , 
reduce fouling r a t e s . In this connection it is worth pointing 
out that according to Annex I, the max imum concentrat ion 
Τ - Τ 
Γ Ί w c /B_/-r^ i n c r e a s e s with — „ It hence would not be en t i -
w o 
re ly unexpectable if for the type of fouling h e r e cons idered , a 
r i s e of wall t e m p e r a t u r e led to a d e c r e a s e in fouling r a t e . 
3. 3. C a l c u l a t i o n of " m o l e c u l a r " f o u l i n g r a t e s . 
Fo r s implici ty it is a s sumed that the diffusivities D» and D„ 
a r e equal. Hence for the calculation of theore t i ca l fouling r a t e s only 
the re la t ionship (3-11) needs to be employed. 
It i s supposed that the diffusivity D ^ is assoc ia ted with a:complex 
compound made up of terphenyl and i ron . Lacking any exper imenta l inr 
formation on the s t ruc tu re and molecu la r weight of such a compound, 
the diffusivity D A will be evaluated for a terphenyl molecu le . The c o r r e ­
lation- employed for this purpose is the s emiempièmpi r i ca l r e l a t i on -
ship of WILKE and CHANG ¡_ 2 \J : 
* ) 
Here k r is a r b i t r a r i l y defined as the value of the react ion ra t e con-
stant at the cent re of the reac t ion zone. 
set) 
If such par t ic les a r e not removed by means of a purification sys tem 
and the bulk fluid r ema ins sa tura ted with r ega rd to the solute A, high 
concentrat ions of colloidal ma t t e r ul t imately build up in the sys tem 
which may markedly affect fouling. 
H e r e : 
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0 . 5 
_ 8 (X M S ) Τ 
D = 7 . 4 10 _ ­ ­ _ ­ (3­14) 
A ^ v A 0 · 6 
' a A 
M~ = m o l e c u l a r weigh t of so lven t ( in g r a m s ) , 
Τ = a b s o l u t e t e m p e r a t u r e ( in °K), 
yu- = d y n a m i c v i s c o s i t y of so lven t ( in c e n t i p o i s e s ) , 
S 
V . = m o l e c u l a r v o l u m e of so lu te a t n o r m a l bo i l ing 
point ( in c m 3 / g m o l ) , 
X = a s s o c i a t i o n p a r a m e t e r for s o l v e n t . 
E x p e r i m e n t s r e p o r t e d in r e f ¡_ 14_ / p r o v i d e s u p p o r t for t h e a s ­
s u m p t i o n t h a t i r o n ( the so lu te A) i s s l igh t ly so lub le in t e r p h e n y l m i x ­
t u r e s . A t t e m p e r a t u r e s a r o u n d 300 C The s a t u r a t i o n c o n c e n t r a t i o n 
s e e m s to h a v e a va lue a r o u n d 0 . 5 p . p . m . F r o m A . E . C. L . foul ing e x ­
p e r i m e n t s it a p p e a r s t ha t an i r o n con ten t d e c r e a s e in the o r d e r of 
1 p p m , due to A t t a p u l g u s c lay coo lan t p u r i f i c a t i o n , gave r i s e to a m a r ­
ked d e c r e a s e in fouling r a t e . T h i s s u g g e s t s t h a t t h e c o n c e n t r a t i o n in 
t h e coolan t of a " h a r m f u l " i r o n compound i s of t h e s a m e o r d e r of m a ­
gn i tude . In t h e p r e s e n t c a l c u l a t i o n s an i r o n s a t u r a t i o n c o n c e n t r a t i o n of 
0, 0004 k g / m ­ ' wi l l be e m p l o y e d * ' . T h i s c o r r e s p o n d s to an i r o n con ten t 
of 0. 5 p p m . 
The fouling r a t e wi l l be eva lua t ed for cond i t ions which at A . E . 
C. L . l ed to a fouling r a t e of 1 0 9 / í ¿ g r a m s / c m 2 h o u r . T h e s e cond i t ions 
a r e s u m m a r i z e d be low: 
h y d r a u l i c d i a m e t e r of 
h e a t i n g channe l d 1.2 c m 
bu lk coolan t v e l o c i t y u, 7 m / s e c 
b 
R e y n o l d s n u m b e r Re 140. 000 
bulk coolant t e m p e r a t u r e T, 357 ° C 
h e a t i n g s u r f a c e t e m p . T w 476 C 
* ) 
The p r o d u c t Μ­β / Ã 7 thus h a s t h i s v a l u e . 
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In the c a l c u l a t i o n of t h e o r e t i c a l " m o l e c u l a r " fouling r a t e s ' , e m ­
ploying t h e r e l a t i o n s h i p ( 3 ­ 1 1 ) , t he diffusivi ty D A and the Schmid t num­
b e r Se a r e eva lua t ed at coo lan t t e m p e r a t u r e of 4 0 0 ° C . At t h i s t e m p e r a ­
t u r e the coo lan t e m p l o y e d by A . E . C. L . (San towax OM­f 30 % O M R E 
h igh b o i l e r s ) h a s a d y n a m i c v i s c o s i t y of a p p r o x i m a t e l y 3 .6 10~^kg /msec 
(= 0. 36 cp) , a d e n s i t y of 820 k g / m 3 and a k i n e m a t i c v i s c o s i t y of a p p r o ­
x i m a t e l y 0 . 4 5 10_fc> m 2 / s e c . F o r the fol lowing v a l u e s of t h e p a r a m e t e r s 
in the eqn (3­14) : 
X = 1 
M g = 230 
Τ = 67 3 
/% = 0 . 3 6 
VA = 266 
the diffusivi ty D A b e c o m e s 7. 2 10" ' m / s e c . In v i ew of t h e v a l u e of 
the k i n e m a t i c v i s c o s i t y g iven a b o v e , t h e Schmid t n u m b e r Sc b e c o m e s 
6 3 . 
Use of the r e l a t i o n s h i p (3­11) t h e n l e a d s to a " m o l e c u l a r " fou­
l ing r a t e , i . e . to an i r o n d e p o s i t i o n r a t e , of 4­9. 5 10 ""8 k g / m 2 sec*. 
T h i s i s equ iva l en t to a fouling r a t e of l S O / ^ g r a m s / c m ^ h o u r . 
In v i ew of the u n c e r t a i n t i e s in the e s t i m a t e d v a l u e s of t h e s a t u ­
r a t i o n c o n c e n t r a t i o n Mg / Ã / 0 and the di f fus ivi ty D A and t ak ing in to a c ­
count the s impl i fy ing a s s u m p t i o n s on the b a s i s of wh ich eqn (3 ­11) w a s 
d e r i v e d , the a g r e e m e n t b e t w e e n the t h e o r e t i c a l fouling r a t e of 
1 8 0 / ^ g r a m s / c m 2 h o u r and tha t e x p e r i m e n t a l l y found of 109x^­g rams / 
c m ¿ h o u r m u s t be c o n s i d e r e d to be good. It w a s a l r e a d y no ted on 
page 20 tha t the p o s i t i v e in f luence of an i n c r e a s e in coolan t v e l o c i t y 
on fouling r a t e , o b s e r v e d by A . E . C. L . , a l s o i s p r e d i c t e d by e q n ( 3 ­ l l ) . 
At g iven h y d r o d y n a m i c and t h e r m a l c o n d i t i o n s , d e p o s i t i o n r a t e s for 
t h i s type of fouling wi l l i n c r e a s e in a l i n e a r f a sh ion wi th the c o n c e n t r a ­
t ion of the " h a r m f u l " t h e r m a l l y u n s t a b l e i r o n c o m p o u n d . On page 21 i t 
w a s h o w e v e r a l r e a d y o b s e r v e d tha t d e c o m p o s i t i o n of t h i s compound i s 
l i ke ly to en t a i l the f o r m a t i o n of co l lo ida l p a r t i c l e s . T h e nex t C h a p t e r 
wi l l d e a l wi th c a l c u l a t i o n s on foul ing, due to the p r e s e n c e of p a r t i c l e s . 
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IV. "PARTICLE" FOULING. 
4 . 1 . G e n e r a l 
The formation of fouling l aye r s at the wall made up of solid par-
t ic les original ly p resen t in the coolant is due to a p rocess in which the 
following s teps may be distinguished: 
- formation of pa r t i c l e s , 
- growth of pa r t i c l e s , 
- t r an spo r t of pa r t i c les to the wall , 
- adhesion of pa r t i c les to the wall . 
For a good understanding of this type of fouling indicated h e r e 
as "pa r t i c l e " fouling,it is n e c e s s a r y to dispose of a fundamental know-
ledge of each of the above s tep p r o c e s s e s . In the present considerat ions 
the main attention is fixed on the p r o c e s s e s of par t ic le t r an spo r t to the 
wall and the i r adhesion t h e r e . It is not the purpose to d iscuss in detai l 
the mechan i sm of the other s tep p r o c e s s e s ; only a few aspec ts of these 
p roce s se s which bear a d i rec t re la t ionship to par t ic le t r anspo r t will be 
briefly r e f e r r ed to . 
Very smal l par t ic les suspended in fluid media a r e subject to an 
incessant and i r r e g u l a r movement , the so-ca l led Brownian movement 
which is a d i rec t consequence of molecular motion. It is possible to 
desc r ibe the macroscop ic kinetic behaviour of l a rge groups of identical 
par t ic les in t e r m s of a diffusion coeff ic ient* ' . Since the diffusion coef-
ficient assoc ia ted with these par t ic les is fairly smal l , the main r e s i -
stance to par t ic le t r anspo r t in turbulent flow l ies in the flow region close 
to the wall . Consequently this par t ic le t r anspo r t p rocess can be d e s -
cr ibed employing a model which is very s imi la r to that outlined in the 
preceding Chapter . This leads us again to considerat ions on diffusion 
phenomena in the e lementary viscous boundary l aye r . The next section 
is devoted to th i s . In a subsequent section the t r anspo r t equations d e -
rived a r e t r ans fo rmed into re la t ionships holding for turbulent flow. A 
c r i t e r ion for the adhesion of par t ic les at the wall is also given. Final ly 
the effect of /3 cu r r en t on par t ic le deposition ra t e is d iscussed . 
_ _ 
If the par t ic le size dis t r ibut ion is not uniform, but known a cer ta in 
number of diffusion coefficients associa ted with par t ic les of the same 
size has to be employed in a mathemat ica l descr ip t ion of "Brownian" 
par t ic le t r anspo r t . 
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4 . 2 . P a r t i c l e d i f f u s i o n i n t h e e l e m e n t a r y 
v i s c o u s b o u n d a r y l a y e r . 
The a s s u m p t i o n s u n d e r l y i n g t h e p r e s e n t p h y s i c a l d e s c r i p t i o n of 
d i f fus ive p a r t i c l e t r a n s p o r t in a g r o w i n g v i s c o u s b o u n d a r y l a y e r c a n b e 
s u m m a r i z e d a s fo l l ows : 
­ The cond i t i ons in t h e f luid n e a r t h e wa l l a r e i s o t h e r m a l . 
­ The p h y s i c a l p r o p e r t i e s of t h e fluid a r e not a f fec ted by t h e 
p r e s e n c e of p a r t i c l e s . 
­ A l l p a r t i c l e s a r e i d e n t i c a l and for the m a t h e m a t i c a l t r e a t ­
m e n t t h e y a r e r e g a r d e d a s in f in i t e ly s m a l l . 
­ T h e r a t e of p a r t i c l e a d h e s i o n a t t h e w a l l i s p r o p o r t i o n a l to 
t h e p a r t i c l e c o n c e n t r a t i o n t h e r e . In t h e t e r m i n o l o g y of c h e ­
m i c a l k i n e t i c s one t h e n m a y w r i t e : 
R k c (4 ­1) 
ρ w 
w h e r e R = t h e p a r t i c l e a d h e s i o n r a t e at t he w a l l ( k g / m s e c ) , 
c = t h e p a r t i c l e c o n c e n t r a t i o n at the w a l l ( k g / m ) , 
k = t h e p a r t i c l e a d h e s i o n r a t e c o n s t a n t ( m / s e c ) . 
The p r o c e s s of p a r t i c l e di f fusion in t h e g row ing v i s c o u s bounda­
r y l a y e r i s i l l u s t r a t e d by t h e s c h e m a t i c p a r t i c l e c o n c e n t r a t i o n p r o f i l e s 
g iven in f i g u r e 6. In m a t h e m a t i c a l t e r m s t h i s p r o c e s s c a n b e f o r m u l a ­
t e d a s fo l lows : 
( m o m e n t u m ) u ­ r — ­f ν — j — = y (3 ­1) à y ^ x à y2 
(con t inu i ty ) ­ τ — ­f­ ­r— = 0 ( 3 ­ l a ) 
ô -χ. û y 
( p a r t i c l e u ­ j j ­ ν ­^— = D n ~­—­— (4­2) 
diffusion) 77T 77 - "* TJ 
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The boundary conditions imposed on the above equations a r e : 
y = 0 , 
σο, 
χ 4 o, 
χ > o 
χ ^ 0 
y > o 
u = 0 , D 
u = u o ' 
u = u. 
¿ 
Ρ ¿y 
c 
k c ρ w 
Here c 0 is the par t ic le concentrat ion in the main s t r e a m . 
A genera l mathemat ica l solution of eqns (3­1) , ( 3 ­ l a ) and (4­2) 
for the above boundary conditions is not yet avai lable . It can immediate­
ly be seen however that for two ex t reme cases the problem is cons ide­
rably simplified. 
­ If the adhesion r a t e constant k has a very low value the p a r ­
t ic le concentrat ion dis t r ibut ion near the wall i s uniform and the r a t e of 
par t ic le deposition at the wall is given by 
(4-3) 
Under these c i r cums tances the par t ic le deposition ra t e is ent i re ly de­
te rmined by the kinet ics of the adhesion p r o c e s s . 
­ F o r a very high value of the adhesion r a t e constant the par t ic le 
concentrat ion near the wall is close to ze ro and par t i c le deposition b e ­
comes ent i re ly diffusion control led. Solution of the eqns ( 3 ­ 1) , (3 ­ la ) 
and (4­2) then leads to the famil iar type of express ion for the average 
par t ic le deposition ra t e in the growing viscous boundary layer ¡_ l6_y: 
0.664 c D 
2/3 ­1/6 u 1/2 ( __£_) (4-4) 
An est imat ion of the adhesion ra t e constant k p , for which the 
par t ic le deposition r a t e is a cer ta in but relat ively smal l percentage 
lower than the l imiting ra t e given by eqn (4­4) , can be made in a simple 
manne r . A deposition ra te b % lower than the l imiting ra te according 
to eqn (4­4) is due to a d e c r e a s e in the average diffusion driving force 
of approximately b % (see a lso fig. 6). This means that a par t ic le con­
centrat ion is established at the wall which has the approximate average 
value: 
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S , = ~ <=o (4-5) 
The average ra t e of adhesion has to be equal to the average ra t e of sup-
pletion by diffusion: 
R = k c 0 . 6 6 4 — - c D .U (—£_) 
Ρ w 100 ο ρ ^ x o 
1 0 0 - b 2/3 -1/6 u 1/2 
"M 
 
(4-6) 
In view of eqns (4-5) and (4-6) one thus d i rec t ly obtains: 
10 0 - b 2 / 3 - 1 / 6 u 1/2 
k p = 0 . 6 6 4 — - - D p Ρ ( ^ (4-7) 
4. 3. D i f f u s i o n c o n t r o l l e d p a r t i c l e d e p o s i t i o n 
i n t u r b u l e n t c h a n n e l f l o w . 
The equation (4-3) a lso holds for par t ic le deposition in turbulent 
channel flow, since it does not contain any hydrodynamic p a r a m e t e r s . 
The eqns (4-4) and (4-7) can be t r ans fo rmed into express ions valid for 
turbulent flow conditions, by substituting the p a r a m e t e r s u and -C>x 
in a manner s imi l a r to that outlined in 3 .2 . 2. One then obtains for the 
l imit ing "pa r t i c l e " fouling r a t e : 
D 0 . 8 7 5 1/3 
qD = 0 .0136 c —E- Re Sc (4 -8) 
F ° deq 
The value of k p , for which the "pa r t i c l e " fouling ra t e is a smal l p e r c e n ­
tage b lower than the above l imit ing ra t e i s : 
1 0 0 - b D 0.875 1/3 
k = 0.0136 P_ Re Sc (4-9) 
b d e q 
The l imit ing "pa r t i c l e " fouling ra t e re la t ionship (4-8) shows a 
grea t s imi la r i ty with the express ions for "molecu la r " fouling developed 
in the preceding Chapter . Also h e r e an i nc r ea se in velocity has a pos i ­
tive effect on the r a t e of fouling. A.ccording to eqn (4-9) the adhesion 
ra t e constant k for which the p r o c e s s st i l l is diffusion controlled in ­
c r e a s e s in an a lmost l inear fashion with bulk fluid velocity. 
It is of in te res t to point out h e r e that ent irely diffusion cont ro l ­
led par t ic le deposition not n e c e s s a r i l y means that all pa r t i c les impin-
gent on the wall r emain attached to it . This is made c lear by ca lcula-
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t ions presented in Annex II. E. g. for the following conditions: 
Channel d iamete r d = 4 . 5 m m 
eq 
Reynolds number Re = 70 000 
Diffusivity of 
par t ic le D = 2.73 10" m ¿ / s e c 
Kinematic v i s co ­ " ­ «·) 
sity of fluid y = 3.9 IO"7 m 2 / s e c ä 
P a r t i c l e deposit ion r a t e i s 95 % of l imiting ra t e 
according to eqn (4­8); 
it was found that only 3. 5 percent of the par t ic les contacting the wall 
adhere to i t . 
The evaluation of "pa r t i c l e " fouling r a t e s for given hydrodyna­
mic conditions, according to eqn (4­8) r equ i re s the knowledge of D_. 
F o r a suspension containing smal l spher ica l particles_of uniform s i ze , 
the par t ic le diffusivity is according to EINSTEIN ¡_ 28_/. 
k T k 
D p = (4"1°) 
3 T T V ^ d p 
where : 
k = the Boltzmann constant (1 .38 IO" 2 3 J / ° K ) , 
Τ = the t e m p e r a t u r e ( K) 
d = par t ic le d iamete r 
Employing the eqns (4­8) and (4­10) for cer ta in conditions fou­
ling r a t e s have been calculated. The r e s u l t s , brought together in 
table 4 ­ 1 , give r i s e to a s e r i e s of observat ions which have been summa­
r ized he rea f t e r . 
This is the kinematic v iscosi ty of OM2, containing 15 % HB at a 
t empe ra tu r e of 350 ° C . 
TABLE 4-1 
L i m i t i n g " p a r t i c l e " f o u l i n g r a t e s f o r v a r i o u s p a r t i c l e d i a m e t e r s 
Conditions 
Channel d iamete r d 
eq 
Bulk fluid velocity VL 
Bulk fluid t empe ra tu r e T, 
Kinematic v iscosi ty of fluid y 
Fluid density 0 
Par t i c l e concentration c 
o 
· ) 
As is shovra in this Chapter , 
= 4 . 5 m m 
= 6 m / s e c 
= .350 °C 
= 3.9 10"7 m 2 / s e c 
= 860 k g / m 3 
= 0. 002 k g / m 3 
( i . e. 2. 3 ppm) 
par t ic le d iamete r 
0.01 
0.02 
0 .05 
0.03 
0 .1 
» ) 
0 .5 
1 
») 
2 
* ) 
5 
"pa r t i c l e " fouling ra t e 
( ^ g / c m hr) 
115.6 
73. 
39.7 
29. 
25 
8 . 6 
5 . 4 
3.4 
1.8 
the assumpt ion of infinitely smal l pa r t i c le s ize , he re entails too 
low values of the l imiting par t ic le fouling r a t e . 
o 
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- It appears that for a given par t ic le concentrat ion, the l imit ing 
" p a r t i c l e " fouling r a t e appreciably i n c r e a s e s with a dec rea se in par t ic le 
s i ze . 
- The "pa r t i c l e " fouling r a t e evaluated for very smal l pa r t i c l e s 
( 0.01/*} i s of the same o rde r of magnitude as the "molecu la r" fouling 
ra t e calculated in the preceding Chapter . Since both, "pa r t i c l e " fouling 
and "molecu la r " fouling, show the same dependence on flow condit ions, 
it cannot be es tabl ished with cer ta inty from exper iments which of the 
two mechan i sms actually p redomina tes . The crys ta l l ine cha rac t e r of 
the fouling deposi ts observed in the A. E . C. L . exper iments ¡_ 2__/ at 
f i rs t sight points to a "molecu la r " type fouling mechan i sm. Recently 
it has been shown however that also colloidal pa r t i c les can give r i s e 
to the formation of crys ta l l ine deposi ts ¿_ 22, 23__/. 
- The fouling r a t e s evaluated a r e of the same o rde r of magnitude 
as those found in many of the out of pile exper iments c a r r i e d out by 
A . E - C . L. for about the same coolant velocity ' and for an i ron content 
comparable to the par t ic le concentrat ion c 0 employed. It ought to be 
acknowledged however that the par t ic le size is not known for these expe-
r i m e n t s . 
- In the calculat ions , the influence of heating surface t e m p e r a -
tu r e has been d i s r ega rded . It was supposed that non- i so the rmal condi-
tions near the wall only affect par t ic le deposit ion r a t e , by thei r in-
fluence on the physical p roper t i e s of the fluid and hence on the par t ic le 
diffusivity. F o r mos t ca ses the resul t ing i nc r ea se in par t ic le deposit ion 
ra t e is not g rea t . 
- Eqn (4-8) has been developed for the simplifying assumpt ion 
that the par t ic les a r e infinitely sma l l . F o r par t i c les having a finite s ize 
diffusion controlled par t ic le deposit ion will be fas ter than predicted by 
eqn (4-8) , since the dis tance to be t rave l led by a par t ic le before con-
tacting the wall is diminished by half a par t ic le d i ame te r . The data p re -
sented in table (4-1) hence a r e somewhat too low and as is easily seen 
the e r r o r involved i n c r e a s e s with par t ic le d i ame te r . In o rde r to e s t a -
blish at which par t ic le d iamete r this e r r o r becomes important it is 
proposed to calculate par t ic le concentrat ion profiles (for infinitely 
smal l par t ic les) and to de te rmine subsequently which percentage of the 
total concentrat ion var ia t ion occurs over a wall dis tance equal to half 
the par t ic le d i ame te r . The actual l imit ing par t ic le deposition r a t e then 
will be roughly the same percentage higher than that, predicted by eqn 
(4-8) . The theore t ica l concentrat ion dis t r ibut ion for infinitely smal l 
The magnitude of the channel d iamete r in the A. E . C. L. exper iments 
differs by a factor 3 from that used in the calcula t ions . According to 
eqn (4-8) this does not affect significantly the fouling ra te however . 
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par t i c les i s 
c 
c o 
given b y ■ 
0. 
0 
the express ion: 
* 1/3 
068 y Sc 
4-3 .0000123 y Sc 
2 2 /3 ­
0.00157 y Sc ­f 
(4­11) 
which can be der ived in exactly the same manner as eqn (2­14). Employ­
ing the hydrodynamic conditions specified in table (4­1) , concentrat ion 
d is t r ibut ions have been evaluated for var ious par t ic le d i a m e t e r s . The 
r e su l t s a re graphical ly r e p r e s e n t e d in figure 7. It is seen fhat for d ia ­
m e t e r s l a r g e r than 0. 5yU-, the posit ive effect of par t ic le s ize on depo­
sit ion ra t e amounts to more than 70 %. 
P a r t i c l e s ize also has a l a rge influence on the p r o c e s s of adhe ­
sion. A d iscuss ion re la ted to this is p resen ted in the next sect ion. 
4 . 4 . C o n s i d e r a t i o n s o n p a r t i c l e a d h e s i o n . 
A par t ic le impingent on the wall adheres to it if the a t t r ac t ive 
force existing between the wall and the par t i c le exceeds the d r a g force 
exer ted by the fluid on the pa r t i c l e . The above c r i t e r ion can be ex­
p r e s s e d quantitatively if re la t ionships for both forces a r e ava i lab le . 
Li t t le is known regard ing the physical mechan i sm which gives 
r i s e to the a t t rac t ive force betwejsn a par t ic le and a solid boundary. 
According to KRUPP et al./_ 24_/ the or igin of adhesion m u s t be sought 
in the molecu la r VAN DER WAALS fo rces . A theory for evaluating 
these forces however does not yet exis t . The actual force involved in 
par t i c le adhesion further a lso depends on the a r e a of contact between 
par t ic le and solid boundary. It the re fore will be s t rongly dependent on 
mechanica l p r o p e r t i e s , like surface geomet ry and v i s c o ­ e l a s t i c beha­
v iour , of both the solid boundary and the pa r t i c l e . In p rac t ice the re fore 
adhesive forces have to be de te rmined exper imenta l ly . The only useful 
information available i s due to exper iments per formed by BOEHME et 
a i . ¿_ 25_y. These inves t iga tors m e a s u r e d the adhesive forces between 
spher ica l pa r t i c l e s (2/¿and 4/¿¿diameter ) of i ron and i ron oxide r e s p e c ­
tively and solid boundaries of i ron and i ron oxide respec t ive ly . In l ine 
with the expectat ions the adhesive forces m e a s u r e d for a smooth s u r ­
face geometry exceed by far those m e a s u r e d for a wrinkled surface 
geometry . For adhesion to a smooth solid boundary of 2­¿¿­diameter 
pa r t i c l e s , cha rac te r i zed by a wrinkled surface geometry , 
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it was found that 60 % of the par t ic les adhere with forces g rea t e r 
than 1.4 10 Newton. Since fur thermore the adhesive force was ob­
served to be roughly proport ional to the par t ic le d iameter one may 
state in a m o r e genera l manner that for a par t ic le d iameter of m > c 
60 % of the par t ic les adhere with a force g rea t e r than 0.7 m 10~°New­
ton. Lacking other information this force will be used in subsequent 
calculations on par t ic le adhesion, as the adhesive force . 
It is a s sumed that the par t i c les a r e spher ica l and that they are 
smal l with respec t to the thickness of the viscous region. The drag 
force on a par t ic le in contact with a perfectly smooth wall then can be­
approximated using the express ion: 
d r = 1/8 f8 rr d ' β u ' (4-12) 
where f_ is the friction factor for flow around a sphere and u„ is the s a 
average fluid velocity at a wall dis tance equal to half the partielfe d ia ­
m e t e r . 
r\ 11 
For values of —P—— /? 2 the friction factor is given by: 
24 y 
u Ρ a '. ■ τ—r- <4-13> 
d u 
and for 2 / — <^ 500, one has [_ 26_/ : 
0.6 *. = i 8 · 5 f a - v y <4-i4> S 
ρ a 
In connection with the calculation method he re proposed it ought 
to be r emarked : 
­ that the express ions (4­12), (4­13) and (4­14) a r e valid 
for free flow around a sphe re , whereas he re the 
" s p h e r e " is in contact with the wall and the average 
velocity va r i e s in a l inear fashion with wall d is tance , 
Since par t ic les a r e not identical and even for one par t ic le surface 
p roper t i es can vary considerably around the per iphery , one may not 
expect that the a t t rac t ive force is the same for each coll ision of a 
par t ic le with the wall . 
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- that the important velocity fluctuations occur r ing up 
to very smal l wall d is tances have been ignored. 
Hence it is to be expected that the actual hydrodynamic forces 
acting on a par t ic le tending to adhere at the wall a r e somewhat higher 
than those calculated h e r e . 
Employing the same hydrodynamic conditions as those specified 
in table 4 - 1 , calculat ions have been made of drag forces and adhesive 
forces for var ious par t ic le d i a m e t e r s . The r e su l t s have been collected 
in table (4-2) . 
Taking into account that the drag forces calculated a r e slightly 
too high, one may expect on the bas i s of the data in table 4 - 2 , that any-
way for a par t i c le size below 0. 5 mic ron the adhesive forces^exceed 
the drag fo rces . Fo r the hydrodynamic conditions he re cons idered , 
such par t i c les thus have a grea t probabil i ty of adhering to the wall 
after having come into contact with i t . Hence it may be expected that 
under those conditions " p a r t i c l e " fouling is diffusion control led. 
4 - 5 . Q u a l i t a t i v e r e m a r k s o n e f f e c t s w i t h i n 
t h e c o r e of a n u c l e a r r e a c t o r . 
The fouling mechan i sms d i scussed in the preceding sect ions 
per ta in to conventional condit ions. Within the core of a nuclear r e a c t o r 
additional mechan i sms may be respons ib le for fouling. It is worth 
noting at the outset that re levant exper imenta l evidence avai lable is 
not conclusive. Atomics Internat ional r e p o r t s that within the r e a c t o r 
core the fouling p rocess is m o r e rapid than in out of pile exper iments 
/ 27 / , where as the exper imenta l r e su l t s obtained by A . E . C . L . 
[_ 1, 2_y do not indicate a significant effect. It may well be however 
that the above cont roversy is only apparent and has its or igin in the 
different exper imenta l conditions employed. 
It has been suggested ¡_ 24, 4_J, that the e lec t r i c cu r r en t origi-
nating from the fuel and i ts cladding (^cur ren t ) may influence the p r o -
cess of " p a r t i c l e " fouling. Due to this cur ren t an e lec t r i c field is set 
up in the coolant nea r the cladding surface and pa r t i c l e s p resen t in the 
coolant a r e e lec t r ica l ly charged . As a consequence e lec t ros ta t i c forces 
_ 
It is es t imated that the adhesive fo rces , m e a s u r e d for r igid m a t e -
r i a l s , which have been employed in the p resen t calculat ions will not 
be sma l l e r for pa r t i c l e s p resen t in an organic coolant, since the 
la t te r pa r t i c l e s a r e provided with a " v i s c o - e l a s t i c " coat of organic 
m a t t e r . 
TABLE 4-2 
D r a g f o r c e s a n d a d h e s i v e f o r c e s on p a r t i c l e s i n c o n t a c t w i t h t h e w a l l 
C o n d i t i o n s 
channel d iameter : d = 4 . 5 m m 
eq 
bulk fluid velocity : u, = 6 m / s e c 
kinematic viscosi ty of fluid : V = 3 . 9 10 m / s e c 
fluid density : ƒ» = 860 k g / m 3 
par t ic le 
d iameter 
(>"·) 
10 
5 
2 
1 
0 . 5 
0 . 1 
0.08 
0.05 
Reynolds 
number 
(-Vv 
29 
7 . 3 
1.2 
0.29 
0.07 
0.003 
^ 0 . 0 0 2 
< 0 . 0 0 2 
Drag force 
(Newton) 
1.08 10"9 
15.4 " 
1.45 " 
0.36 " 
0.09 " 
0.0036 " 
0.0023 " 
0.0009 " 
Adhesive 
force 
(Newton) 
70 1 0 ' 9 
35 " 
14 " 
7 " 
3.5 " 
0 .35 " 
0.56 " 
0 .35 " 
U i 
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d i rec t these par t i c les to the cladding surface and tend to re ta in them 
t h e r e . 
The r a t e of l a t e r a l pa r t i c le t r a n s p o r t due to the e lec t ros ta t i c 
force in the coolant p r i m a r i l y depends on the e lec t r i c res i s t iv i ty of 
the coolant. The magnitude of the e l ec t ros t a t i c force on a par t ic le at 
the surface of the fouling l aye r , on the other hand, is cr i t ica l ly depen-
dent on the e l ec t r i c r e s i s t iv i ty of this l aye r . The re la t ive impor tance 
of the above two effects a lso will depend on the value of the purely phy-
s ica l adhesive force ( see 4 . 4 . ) and of the diffusive par t ic le t r a n s p o r t 
r a t e . It is obvious for ins tance that an i nc r ea se in the adhesive force 
at the surface of a fouling l aye r due to e l ec t ros t a t i c effects will not 
entai l an acce le ra t ion of fouling, if this p r o c e s s is anyhow diffusion 
control led. 
It is s tated by PARKINS ¡_ 27, 4 _ / that the e l ec t r i c r e s i s t i v i t y 
of the organic coolant is so smal l that the resul t ing e l ec t ros t a t i c force 
is not grea t enough to have an impor tan t effect on pa r t i c l e t r a n s p o r t . 
The e l ec t r i c r e s i s t iv i ty of the fouling l aye r however i s considered suf-
ficiently high to give r i s e to a significant e l ec t ros ta t i c adhesive fo rce . 
According to PARKINS the l a t t e r effect may , within the co re of nuc lear 
r e a c t o r s , grea t ly contr ibute to " p a r t i c l e " fouling. 
LANZA and VAN RUTTEN [_ 5_ / pointed out that the e l ec t r i c 
r e s i s t i v i t i e s of the fouling l ayer actual ly m e a s u r e d a r e by far too lov/ 
to justify PARKINS' theory . Calculat ions were c a r r i e d out by the same 
inves t iga to rs to evaluate the veloci ty of i ron pa r t i c l e s towards the fuel 
cladding under the influence of the e l ec t ros t a t i c force in the coolant. 
F o r conditions typical for the operat ion of an organic cooled r e a c t o r 
(UC fuel, neut ron flux 2 10 n / s e c - cm , organic coolant having a 
v iscos i ty of 2 .2 10 k g / m sec) and for the assumpt ion that the e l e c -
t r i c a l r e s i s t i v i ty i s only slightly lower than that of the pure coolant it 
then was found that the l a t e r a l velocity of a pa r t i c l e having a d i ame te r 
of about half a m i c r o n has the o rde r of magnitude.of 10//£*-/sec. 
The quest ion may be r a i s ed which is the re la t ive contribution 
to " p a r t i c l e " fouling due to the exis tence of this l a t e r a l pa r t i c le t r a n s -
por t , if it may be a s sumed that each par t ic le impingent on the wall r e -
mainsat tached to i t . It is obvious that only the pa r t i c l e s in the v iscous 
region which a r e re la t ive ly close to the wall have a chance to be depo-
si ted t h e r e . The th ickness of the flow region y , depleted by the con-
vect ive t r a n s p o r t m e c h a n i s m can be eas i ly e s t ima ted . It is equal to the 
product of the l a t e r a l pa r t i c l e veloci ty and a t ime in t e rva l . In view of 
the facts: 
- that the average veloci ty profile nea r the wall is l inear 
- that the l a t e r a l pa r t i c le veloci ty is constant . 
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- that the centre of a par t ic le contacting the wall is at 
a dis tance of l /2 d from the l a t t e r , 
it can easily be seen that this t ime in terva l is equal to the res idence 
t ime, in the viscous boundary l ayer , of a fluid element si tuated in the 
centre of the flow region confined by planes at wall d is tances of l / 2 d 
and y , respec t ive ly . 
The hydrodynamic conditions considered h e r e a r e those given 
on page 8 . F r o m table 2-1 in which res idence t imes of fluid e lements 
in the viscous boundary layer have been specified, it then r e su l t s that 
the th ickness of the depleted flow region y ¿ e only amounts to a few 
tenths of a mic ron for a l a t e ra l par t ic le velocity of 10^«s^-/sec. F r o m 
the curve for d p = 0. 5,¿¿-in figure 7 it appears that for the same hydro-
dynamic conditions depletion due to diffusive par t ic le t r an spo r t is m o r e 
impor tant than that due to the convective t r anspo r t mechan ism cons i -
dered he re * ' . 
4. 6. C o n c l u d i n g r e m a r k s . 
A previous at tempt to desc r ibe the t r anspor t and subsequent de -
position of pa r t i c les has been repor ted by PARKINS [_ 27, 4 _ / . To ca l -
culate the flux of pa r t i c les incident on the wall, non s ta t ionary diffusion 
of pa r t i c l e s through a stagnant fluid layer was considered. The boun-
dary conditions, adopted in the mathemat ica l descr ip t ion, involved the 
assumpt ions that the fluid layer is infinitely thick and that all pa r t i c l e s 
coming into contact with the wall a r e deposited t h e r e . It is known that 
the mathemat ica l solution to this problem predic ts the deposition r a t e 
to va ry inverse ly with the square root of a t ime p a r a m e t e r ¿_ 7 _ / . The 
magnitude of the t ime p a r a m e t e r employed by PARKINS was the r e s i -
dence t ime of a fluid element in an 'undis turbed l amina r " layer near 
the wall . By comparing the theore t ica l predict ions with fouling r a t e s 
actually m e a s u r e d , the probabili ty was evaluated that a par t ic le r e -
mains attached to the wall after having come into contact with it (the 
socalled "st icking probabil i ty") . 
The following objections may be brought up against PARKINS1 
approach: 
'jfr) 
A m o r e sophist icated solution of the problem posed h e r e should in -
volve the solution of the bas ic boundary layer diffus ion'equation (4-2) 
in which a t e r m represen ta t ive for convective par t ic le t r anspo r t is 
inse r ted . 
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In performing the calculat ions no account has been taken of 
the fluid behaviour close to the wall . Especia l ly the e s t i m a -
tion of the fluid element res idence t ime in the zone near the 
wall is quite un rea l i s t i c . 
The theore t ica l re la t ionship der ived is only valid for the con-
ditions of ent i re ly diffusion controlled t r ans fe r . In making 
compar i sons with exper imenta l r e su l t s no attention is being 
given to this r e s t r i c t i ve condition. . 
No dist inction is being made between ent i re ly different quant i -
t ies like flux of pa r t i c les incident on the wall and the collision 
frequency between pa r t i c l e s and wall . 
It is believed that the theore t i ca l model developed in this Chapter 
p resen t s a m o r e r ea l i s t i c descr ip t ion of the " p a r t i c l e " fouling p r o c e s s . 
The adhesion c r i t e r ion and the qualitative considerat ions on the/3 - c u r -
rent effect indicate that for conditions specific for an organic cooled 
r eac to r of the ORGEL type the par t ic le deposit ion p roces s is l ikely to 
be diffusion controlled for a par t ic le size sma l l e r than 0. 5 m ic ron . It 
is recognized that 'also this model has i ts l imi ta t ions . E . g. it only 
allows fouling r a t e s to be predicted for a known par t ic le concentrat ion 
and a known par t ic le size d is t r ibut ion. F u r t h e r the re la t ionships deve-
loped a r e only valid for geomet r ies provided with smooth wal l s . In this 
connection it is to be noted that l a rge pa r t i c l e s which cannot be depos i -
ted at a smooth surface in view of the high hydrodynamic drag forces 
t h e r e , a r e l ikely to be preferent ia l ly re ta ined by surface p ro t rus ions 
and ar t i f ic ia l roughnesses . 
The theory developed does not predic t that the r a t e of " p a r t i c l e " 
fouling to a heated wall is different from that to an unheated wall . Ex-
per imenta l evidence however shows that the formation of s table , adhe-
rent fouling l aye r s preferent ia l ly occurs on the heating sur face . The 
formation of such l aye r s probably is positively influenced by the o c c u r -
rence of chemical p roce s se s which bond the par t i c les to each other and 
to the wall . Obviously these p r o c e s s e s predominantly take place at the 
heating walls (pyrolytic reac t ions and within a nuclear r eac to r a lso r a -
diolytic r eac t ions ) . In view of thei r complexity and also since they do 
not affect the r a t e of par t ic le deposit ion these p r o c e s s e s will not be fur-
ther d i scussed h e r e . It only be r e m a r k e d that the formation of stable 
fouling l aye r s will not take place on surfaces where sufficiently s t rong 
chemical bonds cannot be es tabl ished. Initial par t ic le deposition on such 
surfaces will resu l t into the formation of par t ic le c lu s t e r s which a r e 
washed off by the flowing coolant once they have become so l a rge that 
the drag forces exceed the adhesive fo rces . 
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An important resul t from the theore t ica l considerat ions p r e s e n -
ted is that the r a the r cont rovers ia l exper imenta l evidence regarding 
the effect of coolant velocity on "par t ic le fouling" can be readi ly ex-
plained. F o r par t ic les below a cer ta in size where the deposition p r o -
cess is diffusion controlled, an i nc rease in coolant velocity will en-
hance fouling. On the other hand for par t ic les above a cer ta in size 
where the deposition p rocess is also part ly controlled by adhesion, an 
inc rease in coolant velocity leads to a dec rease in the adhesion ra t e 
constant and hence to a reduction in fouling r a t e . It thus may be con-
cluded that it p r imar i l y depends on the par t ic le size distr ibution whe-
ther the effect of coolant velocity on fouling is positive or negat ive. 
Since "par t i c le fouling" is cr i t ica l ly dependent on size d i s t r ibu-
tion and concentrat ion of the par t ic les it obviously also depends on all 
those p a r a m e t e r s and p r o c e s s e s which affect the size distr ibution and 
concentrat ion. The exact chemical constitution of the coolant, the coo-
lant t e m p e r a t u r e and the type of coolant purification p rocess employed 
may be expected to be factors of p r ime impor tance . It does not lie with-
in the scope of this r epor t to examine these factors h e r e . Only a few 
specific effects associa ted with the "organic" constitution of the coolant 
will be d i scussed . The effects r e f e r r e d to a r e re la ted to the influence 
of hydrodynamic and t he rma l conditions on coolant decomposit ion. The 
following Chapter is devoted to this d iscuss ion . 
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V. E F F E C T S ASSOCIATED WITH THE LIMITED CHEMICAL 
STABILITY OF THE ORGANIC COOLANT. 
5 . 1 . G e n e r a l 
In preceding Chapters p r o c e s s e s were d i scussed which were 
p r imar i l y due to the p resence in the coolant of inorganic impur i t i e s . 
The organic compounds of the coolant however a r e also d i rec t ly invol-
ved in fouling since they decompose at high t e m p e r a t u r e and under con-
ditions of radia t ion. These decomposit ion p r o c e s s e s lead to the forma-
tion of a grea t var ie ty of products both of high and low molecu la r weight. 
It has been observed that the oroducts of high molecular weight can 
great ly enhance fouling. [_ 3 _ / . 
The p resen t considera t ions deal with effects which entail the 
formation of fouling l aye r s mainly consist ing of organic m a t t e r . It is 
believed that high molecular weight products will p rec ip i ta te on minor 
solid impur i t i e s a l ready presen t in the coolant and thus lead to the for-
mat ion of pr incipal ly organic p a r t i c l e s . The deposit ion of these pa r t i c l e s 
at the walls then takes place by m e c h a n i s m s a l ready desc r ibed in the 
preceding Chapter . F u r t h e r it is likely that under cer ta in conditions a lso 
the pyrolytic decomposit ion p r o c e s s e s in the high t e m p e r a t u r e region 
near the heating surface may contribute substant ial ly to the formation of 
organic fouling l a y e r s . The complexity of the phenomena involved does 
not allow a r igorous descr ip t ion of these p r o c e s s e s . The objective the re -
fore r a the r is to p resen t a quali tat ive p ic ture which improves the u n d e r -
standing of these p r o c e s s e s and which may eventually be employed as a 
guideline for bas ic exper imenta l s tudies . 
In the next section a method is desc r ibed for evaluating py ro -
lytic decomposi t ion effects. A subsequent section of this Chapter deals 
with speculat ive considera t ions regard ing the effect of hydrodynamic 
and t h e r m a l conditions on the formation of organic fouling l a y e r s . 
5. 2. P y r o l y s i s i n t h e t h e r m a l b o u n d a r y l a y e r 
In Chapter 2 it was shown that for organic coolants the g rea tes t 
par t of the t e m p e r a t u r e difference between heating surface and coolant 
is si tuated in the t h e r m a l boundary l ayer . Since chemical reac t ion r a t e s 
sharply r i s e with t e m p e r a t u r e , pyrolyt ic decomposit ion will be most 
rapid in this region. The present purpose is to evaluate quantitatively 
these decomposit ion effects. 
41 
F r o m table 2­1 in Chapter 2 it appears that the average r e s i ­
dence t ime of fluid elements in the viscous region is relat ively shor t 
even at d is tances very close to the wall . Hence if the pyrolytic decom­
position is not excessively fast at the t empera tu re of the heating s u r ­
face, the change in coolant decomposit ion of a fluid element, during i ts 
r es idence t ime in the viscous region, sti l l will be relat ively smal l . 
Under these conditions it is justified to re la te decomposition r a t e s at 
any position in the t he rma l boundary layer to a coolant having the bulk 
composit ion. The pyrolytic coolant decomposition ra te in the the rma l 
boundary layer then can be evaluated using the approximative procedure 
summar ized below: 
­ the average t empera tu re distr ibution in the t he rma l boundary 
layer is calculated for a given bulk t empe ra tu r e with the aid 
of the express ions (2­13) and (2­14); 
­ employing this t empera tu re distr ibution, the coolant decom­
position ra te in a volume element z . x . ^ y 9 * ' can be found, 
employing react ion ra te data available from pyrolytic capsule 
exper iments ; 
­ for a given bulk coolant t e m p e r a t u r e , the pyrolytic decompo­
sition ra t e in the the rmal boundary layer then is obtained by 
integrat ing the contributions due to the volume elements 
z . x . ¿*y over the thickness of the the rmal boundary layer ; 
­ if an appreciable axial bulk coolant t empe ra tu r e gradient 
exists it is neces sa ry to consider volume elements ζ. Δ χ. Δ y 
and to integrate subsequently over the channel length χ as 
well . 
As an i l lus t ra t ive example the pyrolytic decomposit ion of the 
terphenyl mix ture OM2 has been calculated for the geomet r ica l , hy­
drodynamic and the rmal conditions specified on pages 8, 12 "and 13. 
The chemical react ion data util ized a r e those enumerated in table 5 ­ 1 . 
It then appears that the coolant decomposition ra te per unit of 
channel length in the the rma l boundary layer is 2. 6 1 0 ­ 7 k g / m h r , 
whereas that in the turbulent main flow is 6. 8 10"7 kg /m h r . Fo r the 
conditions employed he re coolant pyrolysis in the the rmal boundary 
layer thus is relat ively unimportant . Notwithstanding th i s , pyrolytic 
decomposit ion effects in the thermal boundary layer may have a h a r m ­
ful effect on fouling. Discussions in this connection a re presented in the 
next sect ion. 
ζ is the per iphery of the heating wall, χ its axial length and Δ y is 
an incrementa l wall d is tance. 
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T A B L E 5­1 
P y r o l y t i c d e c o m p o s i t i o n r a t e s » ) 
T e m p e r a t u r e 
( O C ) 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
Weight % decomposed per 
h o u r ( % / h r ) 
0.004 
0.006 
0.009 
0.016 
0.03 
0.05 
0.09 
0. 16 
0 . 3 
0 . 5 
0 . 9 
» ) Approximate va lues , based on pyrolytic decomposit ion data of 
Santo wax O M + 27 % Η Β ¿ 30_ / . 
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5 . 3 . S p e c u l a t i v e c o n s i d e r a t i o n s on m e c h a 
n i s m s i n v o l v e d i n t h e f o r m a t i o n of 
o r g a n i c f o u l i n g l a y e r s . 
After a sufficient res idence t ime of the virgin coolant in a nu-
clear r eac to r or in a conventional heating sys tem, significant amounts 
of high boi le rs (for a great par t terphenyl d imers) have been formed. 
Pyroly t ic decomposit ion of these high molecular weight products is 
known to be much m o r e rapid at high t empe ra tu r e s than that of the ter-
phenyls. Consequently the conditions near tjíe heating surface will be 
re la t ively m o r e important in determining high boiler decomposit ion. 
Due to the combined effects of radiolysis and pyrolysis the high 
boi ler decomposit ion leads to the formation of res inous products of 
very high molecular weight ' which a r e charac te r ized by a st i l l lower 
t h e r m a l stabil i ty. One may imagine that once the concentrat ion of these 
" c r i t i c a l " high molecular weight compounds is sufficiently high, two 
types of p roce s se s may occur ei ther of which favours the formation of 
organic fouling l a y e r s . A brief descr ipt ion of these p rocesses is given 
below. 
a) "Cr i t i ca l " high molecular weight products rapidly decompose 
in the t he rma l boundary layer under formation of insoluble react ion 
products which di rect ly deposit at the heating surface . In this connec-
tion it is worth pointing out that for the conditions specified in table 
2 - 1 , the fluid elements at wall d is tances smal le r than 0. 1 /¿- , a r e at 
a t e m p e r a t u r e close to that of the heating surface for t imes l a r g e r than 
7 m s e c . If the heating surface t empera tu re is sufficiently high to cause 
an important formation of solid react ion products during such an i n t e r -
val , colloidal par t ic les may be formed which part ly deposit at the wall 
and par t ly diffuse into the main flow. Obviously the above p rocess is 
closely re la ted to the chemical kinetics of pyrolysis and to the diffusion 
cha rac t e r i s t i c s of the harmful react ion products . The pyrolytic r e a c -
tions a r e manyfold,possibly subject to catalytic effects and they vary in 
a complex manner with t e m p e r a t u r e . F u r t h e r m o r e the exact nature of 
the harmful react ion products is not known and likely to be cr i t ical ly de-
pendent on the experimental conditions. In view of this the re is l i t t le 
hope to evaluate formation ra t e s of organic fouling l aye r s , otherwise 
than by specifically directed exper iments . Never theless the above r e -
m a r k s may prove to be useful in as far as they enable a physical i n t e r -
pretat ion of the effects of hydrodynamic and the rmal conditions on " o r -
ganic" fouling. 
The average molecular weight of the OMRE high boi lers is approxi-
mately 500; compounds however have been_identified in this mixture 
having molecular weights up to 3000 [_ 29_/ · Notice that the m o l e -
cular weight of a terphenyl is 230. 
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b) Another p r o c e s s , likely to be m o r e impor tant is due to the 
precipi ta t ion of high molecular weight compounds on minor solid impu-
r i t i es in the coolant. Since the solubility of these compounds d iminishes 
with decreas ing t e m p e r a t u r e this p r o c e s s will predominantly occur in 
the fully turbulent region of the flow and in pa r t s of the coolant piping 
sys tem where the t e m p e r a t u r e is lowest.5*' P a r t i c l e s principal ly con-
sist ing of organic m a t t e r a r e thus being formed. The basic mechan i sms 
by which these pa r t i c l e s a r e deposited at the wall have been extensively 
d i scussed in the preceding Chapter . 
One cannot theore t ica l ly predict the r a t e of formation of organic 
fouling l aye r s for given hydrodynamic and t h e r m a l conditions. It is pos-
sible however to p resen t a qualitative p ic ture concerning the effect 
which the l a t t e r conditions have on "o rgan ic" fouling. 
For a given geomet r ica l configuration the mos t impor tant vari>-
able affecting the hydrodynamic conditions is the bulk coolant velocity. 
A d e c r e a s e in coolant velocity, the t e m p e r a t u r e s of heating surface and 
of coolant being kept constant, entails a growth in thickness of both the 
hydrodynamic and t h e r m a l boundary l a y e r s . As a consequence of th i s : 
- The formation ra t e of " c r i t i c a l " high molecular weight com-
pounds due to pyrolytic p r o c e s s e s in the t he rma l boundary 
layer i n c r e a s e s and hence the formation ra t e of "o rgan ic" 
pa r t i c l e s also inc reases . 
- The mechanica l flow forces tending to prevent re la t ively 
coa r se par t ic les from adhering at the wall become s m a l l e r . 
Hence the probabili ty that these pa r t i c l e s deposit i n c r e a s e s . 
- F o r par t i c les below a cer ta in size where the deposit ion p r o -
cess is diffusion control led, the deposit ion r a t e d e c r e a s e s 
in line with the predic t ions of eqn (4-8) . 
Obviously from the above one cannot conclude whether for a 
given exper iment a dec rea se in coolant velocity has a posit ive or a n e -
gative effect on "o rgan ic" fouling. If in a fouling exper iment a vi rgin 
coolant of pure terphenyl i s o m e r s is c i rcula ted in an initially clean 
c i rcui t which is not provided with a coolant purification sys tem, one 
may expect that fouling will be m o r e rapid for low coolant ve loc i t i es . 
Under those conditions all products l ikely to deposit at the wall have to 
be produced by chemical decomposit ion of the coolant. According as 
_ 
It thus may be expected that in a heated ci rculat ion sys tem p r o c e s s e s 
occur r ing outside the tes t sect ion, may significantly influence fouling 
in the tes t sect ion. 
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these products build up with t ime in the coolant, the ra te of fouling in-
c r e a s e s * ' . After a sufficiently longt ime interval the total fouling r a t e 
will equal the formation ra te of harmful decomposition products . Since 
the l a t t e r was shown to inc rease with a dec rease in coolant velocity, 
this also will hold for the fouling r a t e . In case a purification sys tem is 
being used which automatically removes all coarse par t iculate i m p u r i -
t ies and which maintains the concentration of the submicron par t i c les 
at a constant level , a dec rease in coolant velocity will entail a r e d u c -
tion in fouling «»O. This is due to the fact that the deposition of the sub-
mic ron par t ic les is diffusion controlled. 
A main t he rma l variable is the heating surface t e m p e r a t u r e . In 
Chapter 2 it has been outlined in which manner it va r i e s with flow con-
ditions for a given heat flux and a given bulk coolant t e m p e r a t u r e . The 
d i rec t effect of an inc rease in heating surface t empera tu re i s : 
- More rapid pyrolytic decomposition in the the rma l boundary 
layer and hence an increased formation ra te of c r i t ica l high 
molecular weight products . As a consequence fouling will be 
enhanced. 
- A relat ively smal l inc rease of "pa r t i c l e " diffusivity in the 
zone close to the heating surface due to the r i s e in coolant 
t empera tu re the re . The resul tant increase in ra te of " p a r -
t i c l e" fouling, in case this p rocess is diffusion controlled, 
can be calculated employing eqns (4-8) and (4-10). 
It is evident therefore that a r i s e in heating surface t e m p e r a t u r e 
causes an inc rease in fouling r a t e . It is worth noting however that this 
i nc rease will be highest again if :". no coolant purification sys tem is 
being employed. In case a purification sys tem maintains the par t ic le 
concentrat ion and size at a constant level , the increase in fouling ra t e 
will be largely due to the t empera tu re dependence of the "pa r t i c l e" dif-
fusivity. Fo r a terphenyl coolant one then may calculate that a r i s e in 
heating surface t empera tu re of 10° C corresponds to an inc rease in fou-
ling ra t e of approximately 5 %. 
* ) 
In actual fact the impuri t ies which a r e being formed also sti l l have 
a catalytic effect on coolant decomposition and hence lead to an addi-
tional inc rease in fouling ra te ¿_ 29_/ 
The above qualitative considerations show how sensit ive experimen-
tal fouling resu l t s will be with regard to the experimental procedure 
adopted. 
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VL FINAL CONSIDERATIONS. 
In this r epor t physical and mathemat ica l descr ip t ions have been 
presented of two types of fouling p r o c e s s e s . In one p r o c e s s , designated 
as "molecu la r " fouling, the impur i t i es giving r i s e to fouling a r e soluble 
and stable at the bulk coolant t e m p e r a t u r e whereas near the heating sur-
face they decompose into products which deposi t t h e r e . In the other pro-
cess fouling is due to the p re sence in the coolant of solid impur i t i e s 
(pa r t i c les ) . It has been shown that pa r t i c l e s incident on the wall will ad-
h e r e t h e r e , provided they a r e sufficiently sma l l . Under those conditions 
the par t ic le deposit ion is diffusion control led. 
Since the p r o c e s s e s h e r e r e f e r r e d to, involve diffusion control led 
m a s s t r a n s p o r t , they a r e s imi la r as to the effect of hydrodynamic condi-
t ions . According to the theore t ica l predic t ions for both p r o c e s s e s the 
fouling r a t e i n c r e a s e s in an a lmost l inear fashion with coolant veloci ty. 
For a given impur i ty level in the coolant an i n c r e a s e in heating surface 
t e m p e r a t u r e has l i t t le effect e i ther on "molecu la r " fouling or on " p a r -
t i c l e " fouling. The slight i nc rease predic ted, is due to the t e m p e r a t u r e 
dependence of the diffusivity. The mos t significant difference between 
"molecu la r " fouling and " p a r t i c l e " fouling is that for a given impur i ty 
level the fo rmer takes place much m o r e rapidly than the l a t t e r . Very 
smal l quanti t ies of "uns tab le" soluble impur i t i e s the re fore may a l ready 
have a very harmful effect on fouling. A conclusion pertaining to " p a r -
t i c l e " fouling is that the r a t e of this p roces s marked ly i n c r e a s e s with a 
dec rea se in par t ic le s ize . Conditions v/hich favour the coagulation of par-
t ic les hence will lead to a reduct ion in fouling. As to the effect of in pile 
conditions on "par t i c l e " fouling it was shown that such an effect, if ex i -
sting, will be cr i t ica l ly dependent on the flow conditions and on the p a r -
t ic le s i ze . 
Fouling will be marked ly influenced by factors which favour the 
formation of harmful soluble impur i t i e s and of p a r t i c l e s . These f ac to r s , 
being of chemical and phys ico-chemica l na tu re , a r e par t ly unknown and 
hardly control lable . As a consequence they cannot be taken into account 
in a mathemat ica l descr ip t ion of fouling. Theore t ica l predic t ions on 
fouling r a t e s the re fore only can be given if type>concentration and diffu-
sion c h a r a c t e r i s t i c s of the impur i t i e s p resen t a r e known. Notwithstan-
ding these difficulties, it appeared possible to calcula te , on the bas i s of 
es t imated impur i ty diffusivities, "molecu la r " fouling r a t e s which r e a -
sonably well agree with those exper imenta l ly found by A. E. C. L. Qua-
li tat ive r e m a r k s a lso have been presen ted on chemical effects assoc ia ted 
with the use of an organic coolant. A detailed d iscuss ion of these effects 
however was considered to lie beyond the scope of this r epo r t . 
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The fouling ra te express ions presented have been derived for 
a uniform geometry ( e . g. c i rcu la r tube) uniformly heated around the 
per iphery and provided with smooth wal l s . In principle it is a lso pos -
sible to apply the theore t ica l re la t ions to a m o r e complex geometry 
with important heat flux var ia t ions around i t s . per iphery . This r equ i -
r e s the knowledge of local flow and heat t ransfe r conditions. A case of 
in te res t e . g . is c lus ter fuel element with closely spaced rods . The fact 
that such a fuel element is highly different from the uniform geometry 
and that the heat source distr ibution over its c ross section may cons i -
derably vary has the following consequences: 
- around the per iphery of a fuel rod, important v a r i a -
tions may occur of coolant velocity, coolant t e m p e r a -
tu re and cladding surface t empera tu re , 
- flow and t empe ra tu r e conditions will be different for 
the var ious subchannels in the fuel element . 
Hence one may expect that in cer ta in locations of the fuel e l e -
ment , conditions will be par t icu lar ly severe with regard to fouling. A 
method is actually being developed, enabling the local var ia t ions in 
flow and heat t r ans fe r to be theoret ical ly evaluated. The theore t ica l 
express ions then can be used to predict local fouling r a t e s in the fuel 
e lement . It further will be possible to employ resu l t s experimental ly 
obtained in uniform geometr ies for local fouling predictions in the fuel 
e lement . 
It ought to be emphasized that the above r e m a r k s apply to the 
case of single phase heat t r ans fe r . If nucleate boiling occurs (which 
may accidental ly take place near the outlet of the fuel element) , an en-
t i r e ly different situation may a r i s e . In a c luster fuel element, boiling 
will init iate in the na r row flow region between two rods . The inc rease 
in flow re s i s t ance accompanying boiling then will lead to a flow r e d i s -
t r ibut ion and to a reduction in coolant velocity in the na r row reg ions . 
Due to this the local coolant t empera tu re there will r i s e and the boiling 
p rocess will become m o r e v igorous . Although l a t e ra l turbulent in t e r -
action with neighbouring coolant of lower t empera tu re part ly counter -
balances this effect, the equil ibrium conditions established may be such 
as to promote locally rapid pyrolytic fouling. Once the la t te r p roces s 
has init iated, it will become autocatalytic and resu l t into a slow local 
burnout within the fuel element . 
In view of the complexity of the fouling problem it is of the ut-
most impor tance to reduce as far as possible the extent of the exper i -
menta l p rogram requi red to solve this problem. It is believed that the 
present analysis may substantially contribute to th is , by providing a 
guideline for the performance of basic experimental s tudies . It l ies be -
yond the scope of this repor t to outline he re an experimental p rog ram. 
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It s e e m s worth pointing out however that a bas ic exper imenta l r e s e a r c h 
on fouling r e q u i r e s the use of methods which enable the coolant i m p u r i -
t ies to be cha rac t e r i zed . As to the p re sence of solid impur i t i e s this 
impl ies that methods have to be developed enabling the par t ic le concen-
t ra t ion and the par t ic le size dis t r ibut ion to be de te rmined . 
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ANNEX I 
MASS TRANSFER WITH INSTANTANEOUS CHEMICAL REACTION 
IN THE BOUNDARY LAYER. 
At à t empera tu re Τ lying between the wall t empera tu re T w and 
the t e m p e r a t u r e at the edge of boundary layer T 0 the solute A r e a c t s 
instantaneously and i r r e v e r s i b l y under formation of a compound Β which 
d i rec t ly c rys ta l l i zes at the wall . 
Due to this reac t ion the following m a s s t r anspor t p r o c e s s e s take 
p lace: 
­ Diffusion of solute A from the main s t r e a m where i ts concen­
t ra t ion is / A / 0 , to the react ion plane where i ts concentrat ion 
is o. 
­ Diffusion of react ion product Β from the react ion plane where 
i ts concentrat ion has the maximum value / B / R t o *^e wall 
where i ts concentration is o. 
­ Diffusion of react ion product Β from the react ion plane to the 
main s t r e a m where its concentrat ion is o. 
The main purpose is to evaluate the deposition ra t e of react ion 
product Β at the wall, i. e. i ts ra te of diffusion to the wall and to find 
the convers ion ra te of solute A, i. e. i ts r a t e of diffusion to the react ion 
plane. 
The react ion plane obviously is situated at a wall dis tance y&. 
for which Τ = T c . This wall dis tance can be evaluated for any axial po­
sition χ in the boundary layer employing the approximate boundary layer 
t e m p e r a t u r e profile: 
T w ­ Τ v y 
. 3/2 , * > ­ 1/2 ( ¿ 0 (­D 
• " • w o th th 
where cT^ is the " t he rma l " boundary layer thickness given by 
y x I / 2 „ ­ 1 / 3 Sth = 4.64 (2L­) ­ (­f) (a­2) 
o 
The concentration profiles of the compounds A and Β a r e given 
by equations very s imi la r to e q n ( a ­ l ) . These equations however a r e 
expressed in t e r m s of a diffusion boundary layer thickness ¿ m defined 
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by: 
1/2 ­ 1 / 3 
¿Γ = 4.64 ( £ L ) ( ­# ­ ) (a­3) m u 0 D 
In fig. 5 schemat ic t e m p e r a t u r e and concentrat ion profi les have 
been given for the case where a ^> D . ^> D,­., the react ion taking 
place at a wall d is tance <^  o „ . Adopting P O T T E R ' s approach ¡_ 20__/ 
fictitious wall concentra t ions / Ã 7 r , ΓΒΊ , and a fictitious ma in 
*- -' w. f *—' w. f 
s t r e a m concentrat ion ¿Bj ¿ have been in t roduced. In t e r m s of these 
fictitious concentra t ions the concentrat ion profi les in the boundary layer 
of' the solute A and the reac t ion product Β respec t ive ly become: 
(diffusion towards reac t ion plane) 
-ΓΑ7 , ­ ΓΑ] 3 
¿- -' w„ í i- J . y i y = 3/2 * ­ ­I­ ( ­ J — ) (a­4) 
­A/W o f­Z"A7o ^ A 2 "^1­A' 
(diffusion towards wall , profile 1) 
0 ­ / B 7 y 1 y 3 
= 3/2 ­ i _ ( ­ ­ ­ — ) (a­5) 
0 ­ [Β] - ^m. Β 2 " 'm . Β o. f 
( diffusion towards main s t r e a m , profile 2) 
Z B J W f ­ ZV y 1 y 3 
Ξΐΐ = 3/2 - J L · - - ( - 1 — ) (a-6) 
/ B 7 - - 0 drcL. Β 2 «"m. Β 
u -1 w. f 
It is convenient to wri te = Ζ, = R. and -y. 
th ^ m . A m . Β 
R 7 . In view of eqns (a-2) and (a-3) then: 
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a ! / 3 
R i = <T5T> (a­7> 
a I / 3 R 2 = ( _ ) (a­8) 
Τ ­ Τ w c 
If the values of T w , T_ and T . a r e such that is equal 
Τ ­ Τ 
to m with 0 < m < 1, then according to e q n ( a ­ l ) at y = y_ , one 
R 
has : 
3 
m 3/2 Ζ ­ 1/2 Ζ (a­9) 
Only such smal l values of m a re regarded in the present consi­
dera t ions that y_, is sma l l e r than both & „ and cT . . 
Κ m . ±J m . Α. 
F o r y = y , the eqns (a ­4) , (a­5) and (a­6) can be rewr i t ten a s : H. 
A 7 W f 3 3 
= 3/2 Rj Z ­ 1/2 Rj Ζ (a­10) A7w.f+-A70 
/ B 7 R 3 3 = 3/2 R , Z ­ 1/2 R 0 Ζ (a­11) 
Ä7 0 . f 
Z~B7w.f­/"B7R , 3 3 
iL. = 3/2 R ? Ζ ­ 1 / 2 R 2 Ζ (a­12) / B / w . f 
The condition that at the react ion plane the ra te of suppletion of 
solute A has to be equal to the ra te of diffusion of react ion product away 
from the react ion plane leads to: 
M ¿ Du J Du 
D A = D B _ ­Efey (a­13) 
y ( y = y R ) y(y = yR) y(y = yR) 
(profile 1) (profile 2) 
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In v i e w of eqns ( a ­ 4 ) , ( a ­ 5 ) , ( a ­ 6 ) , ( a ­7 ) and ( a ­ 8 ) t h i s e q u a t i o n can be 
f u r t h e r t r a n s f o r m e d to 
._f^l^lJ±^_i\. p f (a_M) 
In a b o u n d a r y l a y e r p r o c e s s invo lv ing di f fus ion c o n t r o l l e d t r a n s ­
f e r of a c o m p o u n d C f r o m t h e m a i n s t r e a m , w h e r e i t h a s a c o n c e n t r a t i o n 
¿Cj„» t o w a r d s the w a l l w h e r e t h e c o n c e n t r a t i o n i s ¿ C ¿ w i . then t h e a v e ­
r a g e r a t e of s u p p l e t i o n t o w a r d s the w a l l i s g iven by ¡_ 1 6 _ / : 
q 2 / 3 ­ 1 / 6 u 1/2 
­ Ä ­ . . 0 „ 6 6 4 ( / Q 7 O ­ / Q 7 W ) D C . V ­ ( ­ £ ­ ) (..15) 
w h e r e M i s t h e m o l e c u l a r we igh t of t h e s u b s t a n c e C. 
H e n c e the a v e r a g e d e p o s i t i o n r a t e of r e a c t i o n p r o d u c t B a t t h e 
w a l l i s g iven by 
q _ 2 / 3 ­ 1 / 6 u 1/2 
m 0 . 6 6 4 / B / D B y ( — f ­ ) ( a ­ 1 6 ) M B ' *­ ^ o . f B * v Δ χ ' 
and t h e a v e r a g e c o n v e r s i o n r a t e of s o l u t e A i s e x p r e s s e d by 
1/2 
q , , 2 / 3 ­ 1 / 6 u 
„ ­ . . = 0.664(2A7o+ZÂ7w.f)DA V (—-) (a­17) "A 
The e q u a t i o n s ( a ­ l 6 ) and ( a ­ 1 7 ) c o n t a i n t h e unknown c o n c e n t r a ­
t i o n s ¿Bj 0 f and ¿A? £ w h i c h can be d e t e r m i n e d , wi th t h e a id of t h e 
e q u a t i o n s ( a ­ 9 ) , (a­10)° ( a ­ l l ) , ( a ­ 1 2 ) and ( a ­ 1 4 ) . 
A s fa r a s t h e e v a l u a t i o n of ¿BJ¿ f i s c o n c e r n e d i t i s c o n v e n i e n t 
to c o n s i d e r f i r s t t he s i m p l e c a s e for w h i c h D A = D „ . T h e n , a c c o r d i n g 
to eqn ( a ­ 1 4 ) : 
ZA7OH­ ÛJ t - ¿Μ ί + / | 7 , (a-18) 
o *—' w # f * — ' w . f * — ' o . f v ' 
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F r o m eqns (a­10), (a­11) and(a­12) : 
A/w. f /B7W. : 
A7 w . f ­ZÃ7 0 ZB/w.f+/B7o.f 
(a­19) 
F r o m eqns (a­18) and (a­19) then the important conclusion is obtained 
that 
Mo.f = M' (a­20) 
This means that for DA = D B , the ra te of deposition at the wall of the 
react ion product Β is independent of the value of the t empe ra tu r e T c , 
provided the l a t t e r is l a r g e r than T 0 . 
The value of /Ã/o"*" / ^ / W f c a n ^e de termined in a s imple m a n ­
ner from eqns (a­9) , (a­10) a n d ( a ­ 7 ) . For relat ively smal l values of 
m, e . g . m / 0. 3, the t e r m l / 2 Ζ in eqn (a­9) can be neglected and 
Ζ Ä : 2/3 m (a­21) 
Eqn (a­10) then can be wri t ten as 
A7w.f ï 3 m R x ­ 8/54 rn Rx (a­22) 
Æ/w. f + Mo 
and this equation can be further developed to give: 
MQ 
1 ­ m R x ­ f 8/54 m 3 R L 
F o r known values of the diffusivities a and D A , Rj is also known from 
eqn (a ­7 ) . 
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An approximat ive express ion relat ing ¿BJ0mi to / A / 0 ' ^ o r ^cie 
case where D A =/= D B can be obtained in the following manne r . A c ­
cording to eqn (a­14) approximately 
M + M f i DT* \ 2 / 3 
* ­ ­ y o r ' ­ ­ / w . f / B \ 
(a­24) / B / w . f + / B 7 o . f I DA 
F u r t h e r in view of eqns (a­10), ( a ­ l l ) and (a­12) one a lso approx ima­
tely has : 
Mw. f D A 
A7W. f D B 
Eqns (a­24) and (a­25) then give: 
D v V 3 
>B~/ 
(a­25) 
/B70.f = A70+ZVw.f (­­­) ­ A w . f ­ ™ ­ ( ­ » ) 
The la t t e r equat ion ;can in view of eqns (a­22) and (a­23) be further 
developed to 
ΓΊ Mo ( DA\2/3 
1 - m Rj-t- 8/54 τηό R, \ D ß / 
m Rj ­ 8/54 m 3 Ri 
­ M0 J-J- (a­27) 
1 ­ r a R j t 8/54 m 5 R! 
It is worth noting that when A w £ is smal l with r e spec t to / A / o 
i . e . if T c has a value close to T w , eqn (a­26) r educes to: 
2/3 
ΜοΛ - M0 [ — | (a­28) 
D A 
D Β 
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According to eqn (a­16) the deposition ra te of react ion product Β then 
becomes : 
V _ , . _ _ 2 / 3 - 1 / 6 / Uo \ 1 / 2 
M B 
¿ / i - 1 / D / U \ i / ¿ 
0 . 6 6 4 / Ã / o DA • ( ­ j ­ j (a­29) 
The react ion plane then coincides with the wall and the deposition r a t e 
is ent i re ly controlled by diffusion of solute A to the wall. 
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ANNEX II 
THE PROBABILITY OF PARTICLE ADHESION IN DIFFUSION 
CONTROLLED "PARTICLE" FOULING·. 
Diffusion controlled par t ic le deposition not neces sa r i l y impl ies 
that all pa r t i c l e s incident on the wall adhere to i t . To show this the 
par t ic le coll ision r a t e has to be compared with the par t ic le deposit ion 
r a t e . 
The p rocedure adopted to calculate the par t i c le coll ision r a t e is 
the same as that employed in the kinetic theory of gases to calculate 
molecu la r coll ision f requencies . If the following simplifying a s s u m p ­
tions a r e made : 
­ conditions of t h e r m a l equi l ibr ium preva i l , 
­ all pa r t i c l e s have the same m a s s and may be cons ide­
red as infinitely smal l , 
­ the par t ic le motion is ent i re ly chaotic and is not in ­
fluenced by a net t r an spo r t towards the wall , 
the number of pa r t i c l e s s t r iking the wall per unit t ime and per unit 
a r ea may be wr i t ten as [_ 3 1 _ / : 
ñ col l (b ­1 ) 
w h e r e n w i s t h e n u m b e r of p a r t i c l e s p e r uni t of coo lan t v o l u m e c l o s e t o 
the w a l l . a n d m i s the m a s s of a p a r t i c l e . 
In o r d e r to d e t e r m i n e which p e r c e n t a g e of t h e p a r t i c l e s c o n t a c ­
t ing t h e w a l l a d h e r e to i t , eqn ( b ­ l ) h a s to be c o m p a r e d t o t h e e x p r e s ­
s i o n : 
100 ­ b D 0 . 8 7 5 l / 3 
q = 0 . 0 1 3 6 c — 2 ­ R e Sc (b ­2 ) 
Ρ 100 ° d e q 
A r b i t r a r i l y b i s c h o s e n to be 5. T h i s m e a n s t h a t t he p a r t i c l e de­
p o s i t i o n r a t e i s 95 % of the l i m i t i n g d e p o s i t i o n r a t e p r e d i c t e d by eqn 
( 4 ­ 8 ) . In t h a t c a s e t h e p a r t i c l e c o n c e n t r a t i o n at t h e w a l l n w h a s a v a l u e 
which a m o u n t s to 5 % of t h e p a r t i c l e c o n c e n t r a t i o n in the bu lk c o o l a n t . 
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An i l lus t ra t ive calculation has been ca r r i ed out for the following 
conditions: 
channel d iameter d = 4 . 5 m m 
eq 
Reynolds number Re = 70 000 
coolant t empera tu re T b = 350 °C (623 °K) 
coolant density Ρ = 800 k g / m 
kinematic viscosi ty 
of coolant V 3.9 10"7 m 2 / s e c 
par t ic le d iamete r d = 0. 1 /** 
par t ic le density ρ - 7 .5 10 k g / m 3 
According to eqn (b-2) the par t ic le deposition ra t e in kg /m2 sec then is 
q = 3.3 10"5 c (b-3) 
^p o s ' 
The number of par t ic les adhering to the wall per unit t ime and per unit 
a r ea then becomes : 
< ^ a d h = 3 .3 IO"5 nQ ( m - 2 s e c - l ) (b-4) 
Since η = 0 . 0 5 η , e q n ( b - l ) predic ts a par t ic le collision ra t e 
w 
4 ,_-2 . "I 
ftcoll = 9 · 4 1 0 " 4 n o ( m " S e C _ ) ( b " 5 ) 
F r o m eqns (b-4) and (b-5) it then resu l t s that for a par t ic le d e ­
position r a t e which is 95 % diffusion controlled and for the conditions 
h e r e considered 1 of 28 par t ic le collisionswith the wall leads to par t ic le 
adhesion. 
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L I S T O F S Y M B O L S 
units 
M, M, fcj 
Mo'Mo'Mo 
ZA7w'Æ7w./q7w 
M f > M r 
L- -Ό. f *- - Ό . f 
ZV t > M * 
Æ 7 R 
w 
CP 
DA , Dg, D c 
D P 
d e q 
d P 
F a d h 
F d r 
flow section 
concentration of compounds A, B, C. 
concentration of compounds A, B, C 
in the m a i n s t r e a m 
concentration of compounds A, B, C 
at the wall 
fictive concentrat ion of compounds A, 
Β in the m a i n s t r e a m 
fictive concentration of compounds A, 
Β at the wall 
concentration of compound Β at the 
react ion plane 
par t ic le concentration 
par t ic le concentration in the ma in ­
s t r e a m 
par t ic le concentration at the wall 
specific heat 
diffusivity of compounds A, B, C 
diffusivity of a par t ic le 
equivalent hydraulic d iameter 
par t ic le d iameter 
adhesion force 
drag force 
friction factor 
m ' 
k m o l / m 
kmol / m 
k m o l / m 
kmol / m 
kmol / m" 
kmol/: m" 
kg m" 
kg m 
kg m 
J m-3 V 1 
2 ­1 
m sec 
2 ­1 
m sec 
m 
m 
Newton 
Newton 
68 
k 
k 
k r , t 
MA, M ^ M c 
M 
m 
n w 
Q v 
v 
q P 
r 
t 
T 
T b 
T 
b. in 
T b. χ 
T 
friction factor for flow around 
spher ica l par t ic le 
Boltzmann constant (1 .38 10" ) 
par t ic le adhesion ra t e constant 
react ion ra t e constant at 
t e m p e r a t u r e T 
molecular weight of compounds 
A, B, C 
molecular weight of solvent 
m a s s of a par t ic le 
number of pa r t i c les per unit 
volume in the m a i n s t r e a m 
number of par t ic les per unit 
volume at the wall 
volumetr ic flow r a t e 
heat flux 
m a s s t r an spo r t r a t e 
par t ic le deposition ra t e 
dis tance from pipe centre t ime 
t ime 
t e m p e r a t u r e 
bulk coolant t e m p e r a t u r e 
bulk coolant t e m p e r a t u r e at 
channel inlet 
bulk coolant t e m p e r a t u r e at 
axial position χ 
t empe ra tu r e at the edge of 
the viscous boundary layer 
-1 
J °K 
m sec 
-1 sec 
kg 
kg 
kg 
m" 
m 
.-3 
-3 
3 -1 
m sec 
τ -2 "I 
J m sec 
ν - 2 - i 
kg m sec 
-2 "I 
kg m sec 
m 
sec 
°K 
°C 
°c 
69 
w 
V 
coolan t t e m p e r a t u r e a t a d i s t a n c e 
r f r o m the p ipe c e n t r e 
wa l l t e m p e r a t u r e 
coolan t t e m p e r a t u r e at a 
d i m e n s i o n l e s s d i s t a n c e y 
f r o m t h e wal l 
UC 
°C 
u 
u 
u b 
u 
+ u 
a x i a l coo lan t v e l o c i t y 
coolant v e l o c i t y at w a l l 
d i s t a n c e l / 2 d 
bulk coo lan t v e l o c i t y 
v e l o c i t y at the edge of the 
v i s c o u s b o u n d a r y l a y e r 
d i m e n s i o n l e s s ve loc i t y ( u Æ ­ ~ ) 
m s e c 
m s e c 
m s e c 
m s e c 
m s e c 
u 
u . 
u 
Δ Χ O 
y 
oc 
d i m e n s i o n l e s s ve loc i t y 
p a r a m e t e r ( u o / / /f2^ \ 
ι y ρ ι 
v e l o c i t y at d i s t a n c e r f r o m the 
p ipe c e n t r e 
ve loc i t y at wa l l d i s t a n c e y 
v e l o c i t y n o r m a l l y to m a i n flow 
d i r e c t i o n and n o r m a l l y to wa l l 
c o o r d i n a t e a long channe l axe 
( m a i n flow d i r e c t i o n ) 
l eng th of e l e m e n t a r y v i s c o u s 
b o u n d a r y l a y e r 
d i s t a n c e f r o m wa l l in d i r e c t i o n 
n o r m a l l y to wal l 
d i m e n s i o n l e s s wa l l d i s t a n c e 
<ÖL> 
hea t t r a n s f e r coeff ic ient 
­ 1 
m s e c 
m s e c 
m s e c 
m 
­ 1 
m 
m 
J m ­ 2 ­ I c V ­ l L s e c ss. 
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¿. 
s. t h 
¿ m 
Λ 
¿¿, 
f 
zr 
Ζ 
w 
Øadh 
' c o l l 
" h y d r o d y n a m i c " l a m i n a r b o u n d a r y 
l a y e r t h i c k n e s s 
" t h e r m a l " l a m i n a r b o u n d a r y 
l a y e r t h i c k n e s s 
"d i f fus ion" l a m i n a r b o u n d a r y 
l a y e r t h i c k n e s s 
t h e r m a l conduc t iv i t y of coo lan t 
d y n a m i c v i s c o s i t y of coo lan t 
k i n e m a t i c v i s c o s i t y of coo lan t 
coo lan t d e n s i t y 
p a r t i c l e d e n s i t y 
s h e a r s t r e s s 
w a l l s h e a r s t r e s s 
r a t e of p a r t i c l e a d h e s i o n at 
t h e wa l l p e r uni t a r e a 
n u m b e r of p a r t i c l e s i n c i d e n t on 
w a l l p e r uni t t i m e and p e r un i t a r e a 
m 
m 
m 
_1 ­ l o « ­ " 1 J m s e c is. 
kg 
m 2 
kg 
kg 
Ν 
Ν 
m" 
m" 
m" 
sec 
m-3 
-3 m 
_2 m ^ 
-2 
m 
2 sec 
sec 
sec 
-1 
-1 
-1 
-1 
D i m e n s i o n l e s s G r o u p s 
N u d i m e n s i o n l e s s h e a t t r a n s f e r coef f ic ien t ( —r—) 
P r d i m e n s i o n l e s s p h y s i c a l p r o p e r t y g r o u p ( —­—) 
R e d i m e n s i o n l e s s g r o u p c h a r a c t e r i z i n g j 
flow cond i t i ons ( — ­ — ) 
Sc d i m e n s i o n l e s s p h y s i c a l p r o p e r t y g r o u p ( ) 
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